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(57) A linear compressor driving apparatus (101) 
according to the present invention Is a linear compres- 
sor driving apparatus having an inverter (2) which sup- 
piles a driving current of a predetermined frequency to 
a linear compressor (100), and the apparatus further In- 
cludes an inverter controller (6) for controlling the invert- 
er (2) on the basis of resonance frequency Information 
so that the frequency of an output current from the in- 
verter becomes equal to the resonance frequency, and 



instantaneous values of an output current Id and an out- 
put voltage Vd from the inverter (2) are measured at a 
phase timing In which an amount of change in the output 
current Id of the Inverter (2) becomes zero, and a piston 
stroke is calculated from these measured values. In 
such linear compressor driving apparatus (101), a 
stroke and a top clearance of the piston of the linear 
compressor can be accurately detected by relatively 
simple arithmetic processing, without using a position 
sensor. 
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Description 
TECHNICAL FIELD 

[0001] The present Invention relates to a linear compressor driving apparatus and, more particularly, to an apparatus 
for driving a linear compressor which generates a compressed gas in a cylinder by making a piston reciprocate with a 
linear motor. 

BACKGROUND ART 

[0002] A linear compressor utilizing a mechanical elastic member or elasticity of a gas has conventionally been 
known as an apparatus for generating a compressed gas. 

[0003] Figure 7 Is a cross-sectional view for explaining a conventional linear compressor, and illustrates a concrete 
configuration of a linear compressor using a spring as an elastic member. 

[0004] A linear compressor 1 00 has a cabinet 71 comprising a cylinder section 71a and a motor section 71b which 
are adjacent to each other. The cylinder section 71 a of the cabinet 71 forms a cylindrical-shaped cylinder of the linear 
compressor. In the cylinder section 71a, a piston 72 is provided slidably along the direction parallel to a center axis of 
the cylinder (piston axis direction). 

[0005] On the back of the piston 72 in the cabinet 71 , a piston rod 72a is placed over the cylinder section 71a and 
the motor section 71b, and an end of the piston rod 72a is fixed to the piston 72. Further, a support spring (resonance 
spring) 81 is placed between the other end of the piston rod 72a and an inner wall 71 b1 of the motor section 71 b which 
is opposed to the piston rod 72a. The support spring 81 deforms when the piston 72 is displaced from a piston neutral 
position (piston reference position), and applies a force to the piston 72 so that the piston 72 returns to the piston 
reference position. Further, the piston neutral position is a piston position where the support spring 81 is not deformed, 
and no force is applied from the support spring 82 to the piston 72 when the piston 72 is located In the piston neutral 
position. 

[0006] Further, a magnet 73 is fixed to a portion of the piston rod 72a, which portion is located in the motor section 
71b, and an electromagnet 74 comprising an outer yoke 74a and a stator coll embedded in the outer yoke 74a Is fixed 
to a portion of the inner wall of the motor section 71 b, which portion is opposed to the magnet 73. 
[0007] A linear motor 82 is constituted by the electromagnet 74 and the magnet 73. That is, in the linear compressor 
1 00, the piston 72 reciprocates along its axis direction by the driving force of the linear motor 82, i.e. , the electromagnetic 
force generated between the electromagnet 74 and the magnet 73, and the elasticity of the support spring 81 . 
[0008] On the other hand, a compression chamber 76, which is a closed space surrounded by a cylinder upper 
portion inner wail 75, a piston compression wall 72b, and a cylinder peripheral wall 77, is formed at the cylinder head 
side of the cabinet 71 . An end of a cooling medium inlet tube 1a for drawing a low-pressure cooling medium gas into 
the compression chamber 76 is opened at the cylinder upper portion inner wall 75 and, further, an end of a cooling 
medium discharge tube 1b for discharging a high-pressure cooling medium gas from the compression chamber 76 is 
opened at the cylinder upper portion inner wall 75. An inlet valve 79 and a discharge valve 80 for preventing back flow 
of the cooling medium gas are fixed to the cooling medium inlet tube 1a and the cooling medium discharge tube 1b, 
respectively. 

[0009] in the linear compressor 100 having the above-described structure, the piston 72 reciprocates in its axis 
direction by intermittent supply of a driving current from a motor driver (not shown) to the linear motor 82, whereby 
drawing of the low-pressure cooling medium gas into the compression chamber 76, compression of the cooling medium 
gas in the compression chamber 76, and discharge of the compressed high-pressure cooling medium gas from the 
compression chamber 76 are repeatedly carried out. 

[0010] By the way, in the above-mentioned linear compressor 100, even when a current or voltage applied to the 
linear motor 82 is kept at a constant value, if the state of load applied onto the linear compressor changes, the stroke 
of the piston 72 changes. Therefore, especially in a refrigeration compressor using the linear compressor 100, since 
the thermodynamic efficiency of refrigerating cycle is significantly improved by controlling the flow of cooling medium 
according to the varying environmental temperature, a means for detecting the stroke of the piston 72 that determines 
the flow of cooling medium (piston stroke detection means) is needed. 

[001 1] Further, in the linear compressor 1 00, from its structural viewpoint, there is a danger that the front end of the 
piston might collide with the upper wall of the cylinder. 

[0012] To be specific, the piston 72 receives not only the piston driving force of the linear motor 82 and the elasticity 
of the support spring 81 but also a force caused by a differential pressure between the pressure of the cooling medium 
gas in the compression chamber 76 and the back pressure of the piston 72, whereby the center position of the recip- 
rocating motion of the piston 72 (hereinafter also referred to as piston amplitude center position) is offset with respect 
to the piston amplitude center position when the differential pressure is zero, i.e., the piston position when the support 
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spring is not deformed (piston neutral position). Therefore, when the internal pressure of the compression chamber 76 
that acts on the piston 72 is increased/decreased due to a change of the load state, not only the stroke of the piston 
72 but also the center position of the reciprocating motion of the piston 72 might change. 

[0013] In order to prevent collision of the piston with the cylinder, not only the stroke detection means but also a 
position detection means for detecting the distance between the front end of the piston and the inner wall of the cylinder 
head are indispensable. For example, in a linear compressor having no collision prevention means, the front end of 
the piston hits the inner wall of the cylinder head, resulting in uncomfortably noise or damage to the piston or the cylinder. 
[0014] There is employed, as the above-mentioned position detection means, a sensor which can detect the degree 
of displacement of the piston (piston displacement) with respect to the piston reference position such as the piston 
neutral position, without contacting the movable members such as the piston In the linear compressor 1 00. For example, 
a displacement meter using an eddy current system, a displacement meter using a differential transformer, and the 
like are employed. 

[0015] However, when such sensor is used, the production cost of the linear compressor 100 is increased and. 
moreover, a space for mounting the sensor is needed, which leads to an increase in the size of the cabinet 71 of the 
linear compressor 1 00. Further, since the sensor is used while being exposed to a high-temperature and high-pressure 
gas in the compressor 100, there occurs a problem on reliability of the sensor itself, in other words, a problem that a 
sensor which can be reliably used under high-temperature and high -pressure atmosphere is desired. 
[001 6] So, as a method for detecting the position of the piston 72, there is proposed a method of directly measuring 
the linear motor driving current and voltage which are supplied to the linear compressor 1 00, and deriving the position 
of the piston 72 on the basis of the measured values, without using a position sensor placed In the linear compressor 
100 (refer to Japanese Unexamined Patent Publication No. Hei. 8-508558). 

[0017] Hereinafter, a description will be given of a piston position detection method used for a linear compressor, 
which is described in the above-mentioned literature. 

[0018] Figure 8 is a diagram illustrating an equivalent circuit of a linear motor for driving a piston of a linear com- 
pressor. 

[0019] In figure 8, L indicates an equivalent inductance [H] of a coil as a component of the linear motor, and R 
indicates an equivalent resistance [Q] of the coil. Further, V indicates an instantaneous voltage \V] applied to the linear 
motor, and I indicates a current [A] applied to the linear compressor. Further, a X v Indicates an Induced electromotive 
voltage [V] which is generated when the linear motor is driven, wherein a is a thrust constant [N/A] of the linear motor, 
and v is an instantaneous velocity [m/s] of the linear motor. 

[0020] The thrust constant a of the linear motor indicates a force [N] which is generated when a unit current [A] is 
passed through the linear motor. Although the unit of the thrust constant a is expressed by [N/A], this unit is equivalent 
to [Wb/m] or [V- s/m]. 

[0021] The equivalent circuit shown in figure 8 is derived from the Kirch hoff's law, and an instantaneous velocity v 
[m/s] of the linear motor is obtained from the equivalent circuit 

[0022] That is, under the driving state of the linear motor, the voltage (V) applied to the linear motor is balanced with 
the sum of a dropped voltage (IxR) [V] due to the equivalent resistance of the coil of the linear motor, a dropped voltage 
(L-dl/dt) [V] due to the equivalent inductance of the coil, and the induced electromotive voltage (axv)[V] generated 
when driving the linear motor, and the following formula (1) holds. 



[0023] The coefficients a[N/A]; Rp2], and L[H] used in formula (1) are constants unique to the motor, and these 
constants are already-known values. Accordingly, the instantaneous velocity v[m/s] can be obtained from these con- 
stants and the applied voltage V[V] and current l[AJ which are measured, on the basis of formula (1). 
[0024] Further, a piston displacement (a distance from an undefined reference position to the piston) x[m] is obtained 
by time integration of the instantaneous velocity v[m/s] as represented by the following formula (2). In formula (2), the 
constant Const, is the piston displacement at the start of integration. 



[0025] As described above, in the piston position detection method disclosed in the above-described literature, the 
measured values V and I of the applied voltage and current to the linear motor are subjected to arithmetic processing 
including differentiation based on formula (1 ) to obtain the instantaneous velocity v of the piston, and further, the in- 




. . . (1) 



x=ivdt+Const. 



(2) 
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stantaneous velocity v is subjected to arithmetic processing including integration based on formula (2), whereby the 
piston displacement x can be calculated. 

[0026] However, the piston displacement x obtained by the arithmetic processing based on formulae (1) and (2) is 
a displacement with reference to a certain position on the piston axis, and a distance from the cylinder head to the 

5 piston top dead point position cannot be obtained directly from the displacement x. 

[0027] To be specific, when the linear compressor 1 00 is under loaded condition, the piston center position (piston 
amplitude center position) in the piston reciprocating motion is offset with respect to the piston neutral position (i.e., 
the piston amplitude center position when the pressure in the compression chamber is equal to the back pressure) by 
the pressure of the cooling medium gas, and the piston reciprocates around the offset piston amplitude center position. 

10 in other words, the piston displacement x obtained by formula (2) includes an average component. 

[0028] However, every actual analog integrator or digital integrator does not perform ideal integration processing for 
outputting a perfect response signal with respect to a constant or a DC input, but it is restricted in responding to a DC 
input. Therefore, an actual integrator cannot subject the piston displacement x to integration processing in which its 
average component is reflected. The reason why the DC response of the actual integrator is restricted is because the 

is output of the integrator should be prevented from being saturated by an unavoidable DC component in the input signal. 
[0029] As a result, the piston displacement x[m] obtained by the integration processing based on formula (2) using 
an actual integrator is not a displacement from which an actual distance between the piston and the cylinder head can 
be directly obtained, but a displacement simply indicating the piston position with reference to a certain point on the 
piston axis. 

20 [0030] Therefore, the piston displacement x[m] obtained from formula (2) is converted into a piston displacement x' 
indicating the piston position with respect to the piston amplitude center position. Further, using the converted piston 
displacement x\ arithmetic processing for obtaining a piston displacement x" with reference to the cylinder head and 
indicating the piston amplitude center position is carried out. 
[0031] Hereinafter, these arithmetic processings will be described in detail. 

25 [0032] Figure 9 is a diagram schematically illustrating the piston position in the cylinder. 

[0033] Initially, three coordinate systems shown in figure 9, i.e., a first coordinate system X, a second coordinate 
system X\ and a third coordinate system X", will be briefly described. 

[0034] The first coordinate system X is a coordinate system expressing the piston displacement x, and it has, as an 
origin (x=0), a certain point Paru on the piston axis. Accordingly, the absolute value of the displacement x indicates 

30 the distance from the point Paru to the piston front end position P. 

[0035] The second coordinate system X' is a coordinate system expressing the piston displacement x\ and it has, 
as an origin (x , =0) ( the piston amplitude center position Pav. Accordingly, the absolute value of the displacement x' 
indicates the distance from the amplitude center position Pav to the piston front end position P. 
[0036] The third coordinate system X" is a coordinate system expressing the piston displacement x", and it has, as 

35 an origin (x B =0), the cylinder head position Psh on the piston axis. Accordingly, the absolute value of the displacement 
x" indicates the distance from the cylinder head position Psh to the piston front end position P. 
[0037] Next, an arithmetic operation for obtaining the piston displacement x° will be described. 
[0036] A piston position (piston top dead point position) Ptd in which the piston is closest to the cylinder head 75 Is 
indicated by a displacement xtd on the first coordinate system X, and a piston position (piston bottom dead point 

40 position) Pbd in which the piston is farthest from the cylinder head 75 is indicated by a displacement xbd on the first 
coordinate system X. Then, a piston stroke Lpsfm] is obtained from a difference between the displacement xtd corre- 
sponding to the piston top dead point position Ptd on the first coordinate system X and the displacement xbd corre- 
sponding to the piston bottom dead point position Pbd on the first coordinate system X. 

[0039] Further, the piston amplitude center position Pav in the state where the piston is reciprocating is a position 
45 which is apart from the displacement xtd of the piston position (piston top dead point position) Ptd in which the piston 
is closest to the cylinder head, by a length (Lps/2) equal to half the piston stroke Lps[m], from the cylinder head. 
Accordingly, the piston amplitude center position Pav is expressed by a displacement xav (=(xbd-xtd)/2) on the first 
coordinate system X. 

[0040] Further, when the constant Const in formula (2) is 0, a new function that indicates the piston position P by 
so the piston displacement x'[m] is derived with the piston amplitude center position Pav as a reference (origin), in other 
words, on the second coordinate system X7. 

[0041] Subsequently, a description will be given of a method for obtaining the piston displacement x" indicating the 
piston amplitude center position on the third coordinate system X" with the cylinder head position Psh as an origin. 
[0042] Under the state where the linear compressor 100 draws in the cooling medium gas (inlet state), i.e., under 
55 the state where the inlet valve is open, both of the pressure in the compression chamber and the pressure on the back 
of the piston are equal to the cooling medium gas inlet pressure. This is because the linear compressor 100 is con- 
structed so that the differential pressure becomes 0 under the state where the inlet valve is open. In this state, a force 
from the pressure of the cooling medium gas onto the piston can be ignored. That is, in this state, the forces acting on 
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the piston are only the repulsive force of the spring that is generated by bending of the support spring 81, and the 
electromagnetic force that is generated by applying a current to the linear motor. According to the Newton's law of 
motion, the sum of these forces Is equal to the product of the total mass of the movable member that Is moving, and 
its acceleration. 

[0043] Accordingly, under this state, the following formula (3) holds as an equation of motion relating to the movable 
member. 



m x a=a X /- k(x'+xav"'Xini a ) (3) 



10 



[0044] In formula (3), m is the total mass [kg] of the movable member that is reciprocating, a is the instantaneous 
acceleration [m/s/s] of the movable member, and k is the spring constant [N/m] of the support spring that Is incorporated 
In the linear compressor. Further, xav" Is the above-mentioned displacement on the third coordinate system X", which 
indicates the piston amplitude center position, and the absolute value of this displacement xav" expresses the distance 
is from the cylinder head position Psh to the piston amplitude center position pav. Further, xlni" is the displacement on 
the third coordinate system X", which indicates the piston neutral position Pini, and the absolute value of this displace- 
ment xlni" expresses the distance [m] between the piston neutral position (the position of the piston in the state where 
the support spring Is not deformed) Pini and the cylinder head position Psh. 

[0045] The instantaneous acceleration a[m/s/s] is obtained as shown in the following formula (4), by differentiating 
20 the instantaneous velocity v[m/s] expressed by formula (1). 

dv 

25 [0046] Furthermore, the displacement x'[m] on the second coordinate system X', which indicates the distance from 
the piston amplitude center position Pav to the piston front end position P, is obtained by setting the constant Const, 
in formula (2) at 0. 

[0047] Furthermore, the total mass m[kg] of the movable member, the spring constant k[IM/m] of the support spring, 
and the displacement xini" on the third coordinate system X", which indicates the distance from the cylinder head 
30 position Psh to the piston neutral position Pini, are already known values, and the driving current I may be the measured 
value. 

[0048] Accordingly, the displacement xav" on the third coordinate system X", which indicates the distance from the 
cylinder head position Psh to the piston amplitude center position Pav, can be calculated using formula (3). 
[0049] Further, the displacement xtd"[mj on the third coordinate system X", which indicates the top dead point position 
35 of the piston (the position where the piston is closest to the cylinder head), can be obtained as a displacement in a 
position which is apart from the displacement xav" on the third coordinate system X" obtained by formula (3) (the 
distance from the cylinder head position Psh to the piston amplitude center position Pav) by a distance equal to half 
(Lps/2) the already-obtained piston stroke length Lps[m], toward the cylinder head. 

[0050] In this way, the piston stroke length Lps[m], and the displacement xtd"[m] on the third coordinate system X'\ 
40 which indicates the piston top dead point position Ptd as a distance from the cylinder head position Psh, are calculated 
from the current I and voltage V which are applied to the linear compressor. 

[0051] However, in the piston position detection method of the conventional linear compressor 1 00, since the piston 
displacement x' which relatively indicates the piston position P with reference to the piston amplitude center position 
Pav is calculated using the integrator and the differentiator, it is not possible to detect the piston position with high 
45 accuracy. That is, when the actual integrator and differentiator are constituted by analog circuits, ideal operations 
cannot be expected because of variations in parts, variations in characteristics due to temperature, and the like. On 
the other hand, when the integrator and differentiator are constituted by digital circuits, ideal operations cannot be 
expected because of missing of data in sampling and holding. 

[0052] Furthermore, when the piston position detecting circuit in the linear compressor is constituted by digital circuits, 
50 it is conceivable that the measuring cycle of the current I and the voltage V applied to the linear compressor may be 

reduced to increase the position detection accuracy. However, when the measuring cycle is reduced, the calculation 

cycle is also reduced, whereby the arithmetic load in the digital circuit is increased. Accordingly, when the measuring 

cycle is reduced, the performance of the microcomputer constituting the digital arithmetic circuit must be enhanced. 

[0053] The present invention is made to solve the above-described problems and has for its object to provide a linear 
55 compressor driving apparatus which can detect the position of a piston with high accuracy, on the basis of measured 

values of a driving current and a driving voltage applied to a linear compressor, without increasing loads of arithmetic 

processing using these measured values. 
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DISCLOSURE OF THE INVENTION 

[0054] A linear compressor driving apparatus according to the present Invention (Claim 1) Is a linear compressor 
driving apparatus for driving a linear compressor which has a piston and a linear motor for making the piston reciprocate, 
and generates a compressed gas by the reciprocating motion of the piston, with an AC voltage being applied to the 
linear motor, and this apparatus comprises: an inverter for outputting an AC voltage and an AC current to the linear 
motor; a resonance frequency information output means for outputting resonance frequency information which indicates 
a resonance frequency of the reciprocating motion of the piston; a voltage detection means for detecting an output 
voltage of the inverter to output a voltage detection signal; a current detection means for detecting an output current 
of the inverter to output a current detection signal; an inverter controller for controlling the inverter on the basis of the 
resonance frequency information so that the inverter outputs, as its output voltage and output current, a sinusoidal- 
wave-shaped voltage and a sinusoidal -wave-shaped current whose frequencies match the resonance frequency of 
the piston reciprocating motion, respectively; a timing detection means for detecting, as a specific phase timing, a 
phase timing at which a differentiated value of the output current of the inverter becomes zero; and a piston velocity 
calculation means for receiving the voltage detection signal and the current detection signal, and calculating a maximum 
amplitude of a piston velocity in the piston reciprocating motion, on the basis of instantaneous values of the output 
voltage and the output current from the inverter at the specific phase timing. 

[0055] According to the present invention (Claim 2), In the linear compressor driving apparatus defined in Claim 1 , 
the timing detection means detects, as the specific phase timing, a phase timing at which the amplitude of the output 
current from the Inverter becomes maximum. 

[0056] According to the present invention (Claim 3), in the linear compressor driving apparatus defined in Claim 1 , 
the timing detection means detects a phase timing at which the phase of the output AC current from the inverter 
becomes at least one of 90° and 270° , as the specific phase timing, on the basis of the current detection signal. 
[0057] According to the present invention (Claim 4), in the linear compressor driving apparatus defined in Claim 3, 
the inverter is provided with an inverter controller for outputting an inverter driving control signal which drives and 
controls the inverter; and the timing detection means detects a phase timing at which a differentiated value of the output 
current from the inverter becomes zero, on the basis of the phase of the inverter driving control signal. 
[0058] According to the present Invention (Claim 5), in the linear compressor driving apparatus defined in Claim 4, 
the timing detection means has a phase shift amount detector for detecting the amount of phase shift of the phase of 
the inverter driving control signal from the phase of the output current of the inverter, and detects a phase timing at 
which a differentiated value of the output current of the inverter becomes zero, on the basis of the inverter driving 
control signal whose phase is corrected so that the amount of phase shift becomes zero. 

[0059] According to the present Invention (Claim 6), in the linear compressor driving apparatus defined in Claim 1 , 
the piston velocity calculation means performs a temperature correction process on a thrust constant of the linear 
motor, whose value varies with variations in temperature, and calculates a maximum amplitude of the piston velocity 
on the basis of the temperature-corrected thrust constant, the instantaneous current value, the instantaneous voltage 
value, and an internal resistance value of the linear motor. 

[0060] According to the present invention (Claim 7), in the linear compressor driving apparatus defined in Claim 1 , 
the piston velocity calculation means performs a temperature correction process on an internal resistance value of the 
linear motor, whose value varies with variations in temperature, and calculates a maximum amplitude of the piston 
- velocity on the basis of the temperature-corrected internal resistance value, the instantaneous values of the output 
voltage and output current of the inverter, and a thrust constant of the linear motor. 

[0061] According to the present invention (Claim 8), in the linear compressor driving apparatus defined In Claim 1 , 
the piston velocity calculation means repeats a velocity calculation process for calculating a maximum amplitude of 
the piston velocity, and in each of the repeated velocity calculation processes, the piston velocity calculation means 
corrects a thrust constant of the linear motor, whose value varies with variations in the piston velocity, on the basis of 
a maximum amplitude of the piston velocity which is calculated in the previous velocity calculation process, and cal- 
culates a maximum amplitude of the piston velocity on the basis of the corrected thrust constant. 
[0062] According to the present invention (Claim 9), the linear compressor driving apparatus defined in Claim 1 
further includes a stroke information calculation means for calculating piston stroke information which indicates a max- 
imum amplitude of a piston displacement in the piston reciprocating motion, on the basis of the output voltage of the 
inverter and the frequency of the output current of the inverter, which are determined by the inverter controller, and the 
maximum amplitude of the piston velocity that is calculated by the piston velocity calculation means. 
[0063] According to the present invention (Claim 10), the linear compressor driving apparatus defined in Claim 1 
further includes a bottom dead point position information calculation means for calculating bottom dead point position 
information which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of the 
output voltage of the inverter and the frequency of the output current of the inverter, which are determined by the 
inverter controller, and the maximum amplitude of the piston velocity that Is calculated by the piston velocity calculation 
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means. 

[0064] According to the present invention (Claim 11), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information calculation means for calculating bottom dead point position 
information which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of the 
output voltage of the inverter and the frequency of the output current of the Inverter, which are determined by the 
inverter controller, and the maximum amplitude of the piston velocity that is calculated by the piston velocity calculation 
means; and an arithmetic means for calculating center position information which indicates a piston center position in 
the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the bottom dead 
point position information and the piston stroke information. 

[0065] According to the present invention (Claim 12), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information calculation means for calculating bottom dead point position 
information which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of the 
output voltage of the Inverter and the frequency of the output current of the inverter, which are determined by the 
inverter controller, and the maximum amplitude of the piston velocity which is calculated by the piston velocity calcu- 
lation means; and an arithmetic means for calculating top dead point position information indicating a piston top dead 
point position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of 
the bottom dead point position information and the piston stroke information. 

[0066] According to the present invention (Claim 1 3), the linear compressor driving apparatus defined in Claim 9 
further includes: a top dead point position information detection sensor for detecting a piston top dead point position 
in the piston reciprocating motion to output top dead point position Information indicating the detected position; and an 
arithmetic means for calculating center position information indicating a piston center position in the piston reciprocating 
motion, by performing the four fundamental rules of arithmetic on the basis of the top dead point position information 
and the piston stroke information. 

[0067] According to the present invention (Claim 14), the linear compressor driving apparatus defined in Claim 9 
further includes: a top dead point position information detection sensor for detecting a piston top dead point position 
in the piston reciprocating motion to output top dead point position information indicating the detected position; and an 
arithmetic means for calculating bottom dead point position information indicating a piston bottom dead point position 
in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the top dead 
point position information and the piston stroke information. 

[0066] According to the present invention (Claim 1 5), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information detection sensor for detecting a piston bottom dead point 
position in the piston reciprocating motion; and an arithmetic means for calculating center position information indicating 
a piston center position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on 
the basis of the bottom dead point position information and the piston stroke information. 

[0069] According to the present invention (Claim 1 6), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information detection sensor for detecting a piston bottom dead point 
position in the piston reciprocating motion to output bottom dead point position information indicating the detected 
position; and an arithmetic means for calculating top dead point position Information indicating a piston top dead point 
position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the 
bottom dead point position information and the piston stroke information. 

[0070] According to the present invention (Claim 1 7), the linear compressor driving apparatus defined in Claim 9 
further includes: a center position information calculation means for calculating center position information indicating 
a piston center position in the piston reciprocating motion, on the basis of the output current from the inverter; and an 
arithmetic means for calculating top dead point position information indicating a piston top dead point position in the 
piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the center position 
information and the piston stroke information. 

[0071] According to the present invention (Claim 1 8), the linear compressor driving apparatus defined in Claim 9 
further includes: a center position information calculation means for calculating center position information indicating 
a piston center position in the piston reciprocating motion, on the basis of the output current from the inverter; and an 
arithmetic means for calculating bottom deal point position information indicating a piston bottom dead point position 
in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the center 
position information and the piston stroke information. 

[0072] According to the present invention (Claim 19), In the linear compressor driving apparatus defined in any of 
Claims 10 to 12, the linear compressor has an elastic member which applies a force to the piston so as to bring the 
piston back to its neutral position, when the piston is displaced from the neutral position; and the bottom dead point 
position information calculation means calculates, as the bottom dead point position information, position information 
indicating the piston bottom dead point position relative to the piston neutral position, on the basis of the output voltage 
of the Inverter and the frequency of the output current of the inverter, which are determined by the inverter controller, 
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the maximum amplitude of the piston velocity which is calculated by the piston velocity calculation means, the weight 
of the movable member which performs the piston reciprocating motion in the linear compressor, andthe spring constant 
of the elastic member. 

[0073] According to the present invention (Claim 20), in the linear compressor driving apparatus defined in Claim 9, 

5 the piston stroke calculation means repeats a calculation process for calculating the piston stroke information on the 
basis of the maximum amplitude of the piston velocity, and in each of the repeated calculation processes, the piston 
stroke calculation means corrects a thrust constant of the linear motor, whose value varies with variations in the piston 
position, on the basis of the piston stroke information calculated in the previous calculation process, and calculates 
the piston stroke information on the basis of the corrected thrust constant. 

10 [0074] A linear compressor driving apparatus according to the present invention (Claim 21) is a linear compressor 
driving apparatus for driving a linear compressor which has a piston and a linear motor for reciprocating the piston, 
and generates a compressed gas by the reciprocating motion of the piston, with an AC voltage being applied to the 
linear motor, and this apparatus comprises: an inverter for outputting an AC voltage and an AC current to the linear 
motor; a resonance frequency information output means for outputting resonance frequency information that indicates 

is a resonance frequency of the piston reciprocating motion; a current detection means for detecting an output current 
of the inverter to output a current detection signal; an inverter controller for controller the inverter on the basis of the 
resonance frequency information so that the inverter outputs, as its output voltage and output current, a sinusoidal- 
wave-shaped voltage and a sinusoidal- wave-shaped current whose frequencies match the resonance frequency of 
the piston reciprocating motion, respectively; a timing detection means for detecting, as a specific phase timing, a 

20 phase timing at which a differentiated value of the output current of the inverter becomes zero; and a piston center 
position calculation means for calculating position information indicating a piston center position in the piston recipro- 
cating motion, on the basis of an instantaneous value of the output current of the inverter at the specific phase timing, 
with reference to a piston position where a pressure difference between the pressure of a cooling medium gas that is 
discharged from the linear compressor and the pressure of the cooling medium gas that is drawn into the linear com- 

25 pressor becomes zero. 

[0075] According to the present invention (Claim 22), in the linear compressor driving apparatus defined in Claim 
21 , the linear compressor has an elastic member which applies a force to the piston so as to bring the piston back to 
its neutral position, when the piston is displaced from the neutral position; and the center position information calculation 
means calculates, as the center position information, position information indicating the piston center position relative 

30 to the piston neutral position, on the basis of the maximum amplitude of the output current from the inverter, the thrust 
constant of the linear motor, and the spring constant of the elastic member. 

[0076] According to the present invention (Claim 23), the linear compressor driving apparatus defined in Claim 21 
further Includes: a discharge pressure detection means for detecting the pressure of the cooling medium gas that Is 
discharged from the linear compressor; and an inlet pressure detection means for detecting the pressure of the cooling 

35 medium gas that is drawn into the linear compressor; wherein the center position information calculation means cal- 
culates an action force in the direction of the piston reciprocating motion, which force acts on the piston from the cooling 
medium gas, on the basis of the pressure difference between the discharge pressure and the inlet pressure, and then 
calculates, as the center position information, position information indicating the piston center position relative to the 
piston position where the pressure difference becomes zero, on the basis of the calculated action force. 

40 [0077] According to the present invention (Claim 24), in the linear compressor driving apparatus defined in Claim 
23, the center position information calculation means calculates an action force in the direction of the piston recipro- 
cating motion, which force acts on the piston from the cooling medium gas, on the basis of the pressure difference 
between the discharge pressure and the inlet pressure, and the resonance frequency Indicated by the resonance 
frequency information, and then calculates, as the center position information, position information indicating the piston 

45 center position relative to the piston position where the pressure difference becomes zero, on the basis of the calculated 
action force. 

[0078] As described above, according to the present invention (Claim 1 ), there is provided a linear compressor driving 
apparatus for driving a linear compressor which has a piston and a linear motor for making the piston reciprocate, and 
generates a compressed gas by the reciprocating motion of the piston, with an AC voltage being applied to the linear 

50 motor, and this apparatus comprises: an inverter for outputting an AC voltage and an AC current to the linear motor; 
a resonance frequency information output means for outputting resonance frequency information which indicates a 
resonance frequency of the reciprocating motion of the piston; a voltage detection means for detecting an output voltage 
of the inverter to output a voltage detection signal; a current detection means for detecting an output current of the 
inverter to output a current detection signal: an inverter controller for controlling the inverter on the basis of the reso- 

55 nance frequency information so that the inverter outputs, as its output voltage and output current, a sinusoidal-wave- 
shaped voltage and a sinusoidal- wave-shaped current whose frequencies match the resonance frequency of the piston 
reciprocating motion, respectively; a timing detection means for detecting, as a specific phase timing, a phase timing 
at which a differentiated value of the output current of the inverter becomes zero; and a piston velocity calculation 



8 




EP 1 349 265 A1 

means for receiving the voltage detection signal and the current detection signal, and calculating a maximum amplitude 
of a piston velocity in the piston reciprocating motion, on the basis of instantaneous values of the output voltage and 
the output current from the Inverter at the specific phase timing. Therefore, a displacement of the piston can be easily 
and accurately obtained on the basis of the driving current and driving voltage of the linear compressor, without using 

s complicated calculations such as Integration and differentiation. 

[0079] According to the present invention (Claim 2), in the linear compressor driving apparatus defined in Claim 1 , 
the timing detection means detects, as the specific phase timing, a phase timing at which the amplitude of the output 
current from the inverter becomes maximum. Therefore, In an arithmetic formula for calculating the piston velocity from 
the driving current and driving voltage of the linear compressor, a term including the differentiated value of the driving 

10 current can be deleted as being zero. 

[0080] According to the present invention (Claim 3), in the linear compressor driving apparatus defined in Claim 1 , 
the timing detection means detects a phase timing at which the phase of the output AC current from the inverter 
becomes at least one of 90° and 270° , as the specific phase timing, on the basis of the current detection signal. 
Therefore, in an arithmetic formula for calculating the piston velocity from the driving current and driving voltage of the 

is linear compressor, a term Including the differentiated value of the driving current can be deleted as being zero. 

[0081] According to the present invention (Claim 4), in the linear compressor driving apparatus defined in Claim 3, 
the inverter is provided with an inverter controller for outputting an inverter driving control signal which drives and 
controls the Inverter; and the timing detection means detects a phase timing at which a differentiated value of the output 
current from the inverter becomes zero, on the basis of the phase of the inverter driving control signal. Therefore, in 

20 an arithmetic formula for calculating the piston velocity from the driving current and driving voltage of the linear com- 
pressor, a term including the differentiated value of the driving current can be deleted. 

[0082] According to the present invention (Claim 5), in the linear compressor driving apparatus defined in Claim 4, 
the timing detection means has a phase shift amount detector for detecting the amount of phase shift of the phase of 
the inverter driving control signal from the phase of the output current of the inverter, and detects a phase timing at 
25 which a differentiated value of the output current of the inverter becomes zero, on the basis of the inverter driving 
control signal whose phase is corrected so that the amount of phase shift becomes zero. Therefore, a phase timing at 
which the differentiated value of the output current of the inverter becomes zero can be correctly detected, on the basis 
of the Inverter driving control signal. 

[0083] According to the present invention (Claim 6), in the linear compressor driving apparatus defined in Claim 1 , 
so the piston velocity calculation means performs a temperature correction process on a thrust constant of the linear 
motor, whose value varies with variations in temperature, and calculates a maximum amplitude of the piston velocity 
on the basis of the temperature-corrected thrust constant, the instantaneous current value, the instantaneous voltage 
value, and an Internal resistance value of the linear motor. Therefore, the maximum amplitude of the piston velocity 
can always be detected with accuracy, irregardless of variations in the thrust constant of the linear motor due to vari- 
35 ations in the temperature of the linear compressor. 

[0084] According to the present invention (Claim 7), in the linear compressor driving apparatus defined in Claim 1 , 
the piston velocity calculation means performs a temperature correction process on an internal resistance value of the 
linear motor, whose value varies with variations In temperature, and calculates a maximum amplitude of the piston 
velocity on the basis of the temperature-corrected internal resistance value, the instantaneous values of the output 
40 voltage and output current of the inverter, and a thrust constant of the linear motor. Therefore, the maximum amplitude 
of the piston velocity can always be detected with accuracy, irregardless of variations in the internal resistance value 
of the linear motor due to variations in the temperature of the linear compressor. 

[0085] According to the present Invention (Claim 8), in the linear compressor driving apparatus defined in Claim 1 , 
the piston velocity calculation means repeats a velocity calculation process for calculating a maximum amplitude of 

45 the piston velocity, and in each of the repeated velocity calculation processes, the piston velocity calculation means 
corrects a thrust constant of the linear motor, whose value varies with variations in the piston velocity, on the basis of 
a maximum amplitude of the piston velocity which is calculated in the previous velocity calculation process, and cal- 
culates a maximum amplitude of the piston velocity on the basis of the corrected thrust constant Therefore, the max- 
imum amplitude of the piston velocity can always be detected with accuracy, irregardless of variations in the thrust 

so constant of the linear motor due to variations in the piston velocity. 

[0086] According to the present invention (Claim 9), the linear compressor driving apparatus defined in Claim 1 
further includes a stroke information calculation means for calculating piston stroke information which indicates a max- 
imum amplitude of a piston displacement in the piston reciprocating motion, on the basis of the output voltage of the 
inverter and the frequency of the output current of the inverter, which are determined by the inverter controller, and the 

55 maximum amplitude of the piston velocity that is calculated by the piston velocity calculation means. Therefore, the 
driving ability of the linear compressor can be controlled on the basis of the piston stroke information. 
[0087] According to the present invention (Claim 10), the linear compressor driving apparatus defined in Claim 1 
further Includes a bottom dead point position information calculation means for calculating bottom dead point position 
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information which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of the 
output voltage of the inverter and the frequency of the output current of the inverter, which are determined by the 
inverter controller, and the maximum amplitude of the piston velocity that is calculated by the piston velocity calculation 
means. Therefore, the amount of flexure of the resonance spring can be grasped according to the piston bottom dead 

5 point position Information. Thereby, driving control of the linear compressor can also be carried out on the basis of the 
amount of flexure of the resonance spring so that the resonance spring is not deformed beyond the destruction limits. 
[0088] According to the present invention (Claim 11), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information calculation means for calculating bottom dead point position 
information which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of the 

10 output voltage of the inverter and the frequency of the output current of the inverter, which are determined by the 
inverter controller, and the maximum amplitude of the piston velocity that is calculated by the piston velocity calculation 
means; and an arithmetic means for calculating center position information which indicates a piston center position in 
the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the bottom dead 
point position information and the piston stroke information. Therefore, the linear compressor can be controlled on the 

is basis of the piston center position information so that the piston vibration center position matches the position where 
the maximum efficiency of the linear motor can be achieved, whereby the linear compressor driving efficiency can be 
further enhanced. 

[0089] According to the present invention (Claim 12), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information calculation means for calculating bottom dead point position 

20 information which Indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of the 
output voltage of the inverter and the frequency of the output current of the inverter, which are determined by the 
inverter controller, and the maximum amplitude of the piston velocity which is calculated by the piston velocity calcu- 
lation means; and an arithmetic means for calculating top dead point position Information indicating a piston top dead 
point position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of 

25 the bottom dead point position Information and the piston stroke information. Therefore, the possibility of collision 
between the piston and the cylinder head can be judged with high accuracy, on the basis of the top dead point position 
information. 

[0090] According to the present invention (Claim 13), the linear compressor driving apparatus defined in Claim 9 
further includes: a top dead point position information detection sensor for detecting a piston top dead point position 

so jn the piston reciprocating motion to output top dead point position information indicating the detected position; and an 
arithmetic means for calculating center position information indicating a piston center position in the piston reciprocating 
motion, by performing the four fundamental rules of arithmetic on the basis of the top dead point position information 
and the piston stroke Information. Therefore, the linear compressor can be controlled using a simple sensor so that 
the piston vibration center position matches the position where the maximum efficiency of the linear motor can be 

35 achieved, whereby the linear compressor driving efficiency can be further enhanced. 

[0091] According to the present invention (Claim 14), the linear compressor driving apparatus defined in Claim 9 
further includes: a top dead point position information detection sensor for detecting a piston top dead point position 
in the piston reciprocating motion to output top dead point position Information Indicating the detected position; and an 
arithmetic means for calculating bottom dead point position information indicating a piston bottom dead point position 

40 in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the top dead 
point position information and the piston stroke information. Therefore, the linear compressor can be controlled using 
a simple sensor so that the resonance spring is not deformed beyond the destruction limits, on the basis of the piston 
bottom dead point position information. 

[0092] According to the present invention (Claim 15), the linear compressor driving apparatus defined in Claim 9 
further includes: a bottom dead point position information detection sensor for detecting a piston bottom dead point 
position in the piston reciprocating motion; and an arithmetic means for calculating center position information indicating 
a piston center position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on 
the basis of the bottom dead point position information and the piston stroke Information. Therefore, the linear com- 
pressor can be controlled using a simple sensor so that the piston vibration center position matches the position where 
50 the maximum efficiency of the linear motor can be achieved, whereby the linear compressor driving efficiency can be 
further enhanced. 

[0093] According to the present invention (Claim 1 6), the linear compressor driving apparatus defined in Claim 9 
further Includes: a bottom dead point position Information detection sensor for detecting a piston bottom dead point 
position in the piston reciprocating motion to output bottom dead point position information indicating the detected 
55 position; and an arithmetic means for calculating top dead point position information indicating a piston top dead point 
position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the 
bottom dead point position information and the piston stroke information. Therefore, the risk of collision between the 
piston and the cylinder head can be Judged on the basis of the top dead point position Information, using a simple sensor. 
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[0094] According to the present invention (Claim 17), the linear compressor driving apparatus defined in Claim 9 
further includes: a center position information calculation means for calculating center position information indicating 
a piston center position in the piston reciprocating motion, on the basis of the output current from the inverter; and an 
arithmetic means for calculating top dead point position information indicating a piston top dead point position in the 

s piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the center position 
information and the piston stroke information. Therefore, the possibility of collision between the piston and the cylinder 
head can be judged with high accuracy, on the basis of the top dead point position information. 
[0095] According to the present invention (Claim 18), the linear compressor driving apparatus defined in Claim 9 
further includes: a center position information calculation means for calculating center position information indicating 

10 a piston center position in the piston reciprocating motion, on the basis of the output current from the inverter; and an 
arithmetic means for calculating bottom deal point position information indicating a piston bottom dead point position 
in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the center 
position information and the piston stroke information. Therefore, driving control of the linear compressor can also be 
carried out so that the resonance spring is not compressed beyond the destruction limits, on the basis of the piston 

is bottom dead point position information. 

[0096] According to the present invention (Claim 19), in the linear compressor driving apparatus defined in any of 
Claims 10 to 12, the linear compressor has an elastic member which applies a force to the piston so as to bring the 
piston back to its neutral position, when the piston Is displaced from the neutral position; and the bottom dead point 
position information calculation means calculates, as the bottom dead point position information, position information 

20 Indicating the piston bottom dead point position relative to the piston neutral position, on the basis of the output voltage 
of the inverter and the frequency of the output current of the inverter, which are determined by the inverter controller, 
the maximum amplitude of the piston velocity which is calculated by the piston velocity calculation means, the weight 
of the movable member which performs the piston reciprocating motion In the linear compressor, and the spring constant 
of the elastic member. Therefore, the amount of flexure of the resonance spring can be grasped according to the piston 

25 bottom dead point position information. Thereby, driving control of the linear compressor so as to prevent the resonance 
spring from being deformed beyond the destruction limits can be easily carried out on the basis of the amount of flexure 
of the resonance spring. 

[0097] According to the present Invention (Claim 20), in the linear compressor driving apparatus defined in Claim 9, 
the piston stroke calculation means repeats a calculation process for calculating the piston stroke information on the 

30 basis of the maximum amplitude of the piston velocity, and in each of the repeated calculation processes, the piston 
stroke calculation means corrects a thrust constant of the linear motor, whose value varies with variations in the piston 
position, on the basis of the piston stroke information calculated in the previous calculation process, and calculates 
the piston stroke information on the basis of the corrected thrust constant. Therefore, the maximum amplitude of the 
piston velocity can always be detected with accuracy, irregardless of variations in the thrust constant of the linear motor 

35 due to variations in the piston position. 

[0098] According to the present invention (Claim 21 ), there is provided a linear compressor driving apparatus for 
driving a linear compressor which has a piston and a linear motor for reciprocating the piston, and generates a com- 
pressed gas by the reciprocating motion of the piston, with an AC voltage being applied to the linear motor, and this 
apparatus comprises: an inverter for outputb'ng an AC voltage and an AC current to the linear motor; a resonance 

^0 frequency information output means for outputting resonance frequency information that indicates a resonance fre- 
quency of the piston reciprocating motion; a current detection means for detecting an output current of the inverter to 
output a current detection signal; an inverter controller for controller the inverter on the basis of the resonance frequency 
information so that the inverter outputs, as its output voltage and output current, a sinusoidal-wave-shaped voltage 
and a sinusoidal-wave-shaped current whose frequencies match the resonance frequency of the piston reciprocating 

45 motion, respectively; a timing detection means for detecting, as a specific phase timing, a phase timing at which a 
differentiated value of the output current of the inverter becomes zero; and a piston center position calculation means 
for calculating position information indicating a piston center position in the piston reciprocating motion, on the basis 
of an instantaneous value of the output current of the inverter at the specific phase timing, with reference to a piston 
position where a pressure difference between the pressure of a cooling medium gas that is discharged from the linear 

so compressor and the pressure of the cooling medium gas that is drawn into the linear compressor becomes zero. 
Therefore, the linear compressor can be controlled on the basis of the piston center position information so that the 
piston vibration center position matches the position where the maximum efficiency of the linear motor can be achieved, 
whereby the linear compressor driving efficiency can be further enhanced. 

[0099] According to the present invention (Claim 22), in the linear compressor driving apparatus defined in Claim 
55 21 , the linear compressor has an elastic member which applies a force to the piston so as to bring the piston back to 
its neutral position, when the piston is displaced from the neutral position; and the center position information calculation 
means calculates, as the center position information, position information indicating the piston center position relative 
to the piston neutral position, on the basis of the maximum amplitude of the output current from the inverter, the thrust 
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constant of the linear motor, and the spring constant of the elastic member. Therefore, the linear compressor can be 
controlled on the basis of the piston center position information so that the piston vibration center position matches the 
position where the maximum efficiency of the linear motor can be achieved, whereby the linear compressor driving 
efficiency can be further enhanced. 

s [0100] According to the present invention (Claim 23), the linear compressor driving apparatus defined In Claim 21 
further includes: a discharge pressure detection means for detecting the pressure of the cooling medium gas that is 
discharged from the linear compressor; and an inlet pressure detection means for detecting the pressure of the cooling 
medium gas that Is drawn into the linear compressor; wherein the center position information calculation means cal- 
culates an action force in the direction of the piston reciprocating motion, which force acts on the piston from the cooling 

io medium gas, on the basis of the pressure difference between the discharge pressure and the Inlet pressure, and then 
calculates, as the center position information, position information indicating the piston center position relative to the 
piston position where the pressure difference becomes zero, on the basis of the calculated action force. Therefore, 
the linear compressor can be controlled on the basis of the piston center position information so that the piston vibration 
center position matches the position where the maximum efficiency of the linear motor can be achieved, whereby the 

*5 linear compressor driving efficiency can be further enhanced. 

[0101] According to the present invention (Claim 24), in the linear compressor driving apparatus defined in Claim 
23, the center position information calculation means calculates an action force in the direction of the piston recipro- 
cating motion, which force acts on the piston from the cooling medium gas, on the basis of the pressure difference 
between the discharge pressure and the inlet pressure, and the resonance frequency indicated by the resonance 

20 frequency information, and then calculates, as the center position information, position information indicating the piston 
center position relative to the piston position where the pressure difference becomes zero, on the basis of the calculated 
action force. Therefore, the linear compressor can be controlled on the basis of the piston center position information 
so that the piston vibration center position matches the position where the maximum efficiency of the linear motor can 
be achieved, whereby the linear compressor driving efficiency can be further enhanced. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0102] 

30 Figure 1 is a block diagram for explaining a linear compressor driving apparatus according to a first embodiment 

of the present invention. 

Figures 2(a)-2(d) are diagrams illustrating concrete circuit constructions of inverters to be employed in the linear 
compressor driving apparatus according to the first embodiment, illustrating a voltage type full bridge inverter 
(figure 2(a)), a current type full bridge inverter (figure 2(b)), and voltage type half bridge inverters (figures 2(c) and 
35 2(d)). 

Figure 3 is a diagram illustrating the phases of piston displacement, piston velocity, and piston acceleration with 
respect to the phase of driving current, in the resonance driving state of a linear compressor driven by the linear 
compressor driving apparatus according to the first embodiment. 

Figure 4 is a block diagram for explaining a linear compressor driving apparatus according to a second embodiment 
40 of the present invention. 

Figure 5 is a block diagram for explaining a linear compressor driving apparatus according to a third embodiment 
of the present invention. 

Figure 6 is a block diagram for explaining a linear compressor driving apparatus according to a fourth embodiment 
of the present invention. 
*s Figure 7 is a cross-sectional view for explaining a common linear compressor 

Figure 8 is a diagram illustrating an equivalent circuit of a linear motor as one of components of the linear com- 
pressor. 

Figure 9 is a diagram schematically illustrating a piston position In a cylinder of the linear compressor. 
Figure 10 is a diagram for explaining operations of the linear compressor driving apparatus according to the third 
so and fourth embodiments. 

BEST MODE TO EXECUTE THE INVENTION 

[0103] Initially, the fundamental principle of the present invention will be briefly described. 
55 [01 04] Under a resonance driving state of a linear compressor wherein a linear compressor is driven in a resonance 
state of piston reciprocating motion, a state where the phase of an AC current (driving current) applied to the linear 
compressor matches a phase corresponding to the velocity of the reciprocating piston, is maintained. That is, in the 
resonance driving state, the amplitude of the piston velocity of the linear compressor becomes maximum at a timing 
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when the differentiated value of the linear compressor driving current becomes 0. 

[0105] The inventors of the present invention have noticed the relationship between the phase of the linear motor 
driving current and the phase of the piston velocity in the resonance driving state of the liner compressor, and found 
that the maximum amplitude of the piston velocity can be detected with high accuracy by detecting a phase timing at 
which the differentiated value of the linear compressor driving current becomes 0, and that the piston top dead point 
position can be calculated from the maximum amplitude of the piston velocity. 
[0106] Hereinafter, embodiments of the present invention will be described. 

(Embodiment 1) 

[0107] Figure 1 is a block diagram for explaining a linear compressor driving apparatus according to a first embod- 
iment of the present invention. 

[0108] A linear compressor driving apparatus 101 according to the first embodiment is an apparatus for driving a 
linear compressor 100 which is constituted such that the piston reciprocating motion is in the resonance state when 
the frequency of the piston reciprocating motion Is a frequency (resonance frequency) Fr. 

[0109] To be specific, the linear compressor driving apparatus 101 includes a power supply 1 which generates a DC 
voltage VDC as a power supply voltage; an inverter 2 which converts the power supply voltage VDC into an AC voltage 
Vd of a predetermined frequency, and outputs it to the linear compressor 100; a current sensor 9 which monitors an 
inverter output current Id that is output from the inverter 2 to the linear compressor 1 00; an output current detection 
means 3 which detects the inverter output current Id from the inverter 2 on the basis of the monitor output Scm; and 
an output voltage detection means 4 which detects an inverter output voltage Vd that is output from the inverter to the 
linear compressor 100. 

[0110] The linear compressor driving apparatus 101 further includes a resonance frequency information output 
means 5 which outputs resonance frequency information lit indicating the resonance frequency Fr of the piston recip- 
rocating motion; an Inverter controller 6 which controls the inverter 2 according to an Inverter control signal Sep so that 
the frequency Fid of the output current Id matches the resonance frequency Fr, on the basis of the resonance frequency 
information Irf ; a timing detection means 7 which detects a phase timing when the differentiated value of the output 
current Id from the Inverter 2 (the driving current of the linear compressor 1 00) becomes 0, on the basis of the monitor 
output Scm from the current sensor 9. 

[0111] The linear compressor driving apparatus 101 further includes a piston velocity calculation means 8 which 
calculates the maximum amplitude (maximum velocity) of the piston velocity, on the basis of a detection result (driving 
voltage detection signal) Dvd from the output voltage detection means 4, and a detection result (driving current detection 
signal) Dcd from the output current detection means 3; and an open/close switch 10 which controls supply and stop 
of supply of the driving voltage detection signal Dvd and the driving current detection signal Dcd to the piston velocity 
calculation means 8, on the basis of a detection result Scs from the timing detection means 7. 
[0112] Subsequently, the respective components of the linear compressor driving apparatus will be described in 
detail. 

[011 3] Initially, the resonance frequency information output means 5 will be described. 

[011 4] in this first embodiment, as described above, the linear compressor 1 00 is designed so as to have a constant 
resonance frequency Fr as the resonance frequency of the piston reciprocating motion, under the load conditions with 
which the compressor 100 operates, and the resonance frequency information output means 5 outputs resonance 
frequency information Irf indicating this specific resonance frequency. 

[0115] However, the resonance frequency information output means 5 Is not restricted to the above-mentioned one 
which outputs information indicating the specific resonance frequency Frthat is previously set on the linear compressor 
100. 

[0116] For example, in the linear compressor 100 shown in figure 7, the spring force which is generated by the 
compressed cooling medium gas and acts on the piston is large, and the spring force significantly varies depending 
on the operating state of the linear compressor 100, e.g., the pressure of the compressed cooling medium gas or the 
displacement of the piston 72. Therefore, actually, the resonance frequency of the linear compressor 100 cannot be 
uniquely determined. 

[0117] So, the resonance frequency information output means 5 may monitor the state of the compressed cooling 
medium gas, estimate a resonance frequency appropriate to the state, and output information indicating the estimated 
resonance frequency. As a method for estimating a resonance frequency appropriate to the state of the cooling medium 
gas, a resonance frequency may be calculated from variables indicating the state of the cooling medium gas (e.g., the 
pressure and temperature of the cooling medium) on the basis of a predetermined functional equation, or a resonance 
frequency may be estimated from variables with reference to a table indicating correspondences between the variables 
and resonance frequencies. 

[0118] Furthermore, as described in a specification of Japanese Patent Application No. 2000-361301, underacon- 
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ditton that the amplitude of an AC current to be inputted to the linear compressor 1 00 as its driving current is constant, 
a frequency at which power consumption by the linear compressor becomes maximum when the frequency of the AC 
current is varied, may be estimated as a reference frequency 

[01 1 9] Next, the inverter controller 6, the inverter 2, and the input power supply 1 of the inverter 2 will be described 
s In detail. 

[0120] The inverter controller 6 outputs, to the inverter 2, a PWM (Pulse Width Modulation) signal for switching the 
inverter 2 as a control signal Sep for the inverter 2, and controls the pulse width of the PWM signal Sep on the basis 
of the resonance frequency information Irf. The PWM signal Sep drives the inverter 2 for a period corresponding to the 
pulse width. 

10 [0121] The inverter 2 receives a voltage V DC from the power supply 1 , and supplies an AC voltage Vd and an AC 
current Id whose frequencies are equal to the resonance frequency Fr, to the linear compressor 1 , on the basis of the 
inverter control signal Sep supplied from the inverter controller 6. Although a DC power supply for supplying a DC 
voltage to the inverter 2 is necessary as the input power supply 1 for the inverter 2, the Input power supply for the 
inverter 2 may be a commercial AC power supply. Such input power supply is composed of a rectifier circuit for rectifying 

is a commercial AC voltage (current) such as a diode bridge circuit or a high strength converter, and a smoothing con- 
denser for smoothing the output of the rectifier circuit. 

[0122] There are various kinds of concrete circuit structures of the inverter 2 as shown in figures 2(a)~2(d). 
[0123] The Inverters shown in figures 2(a) and 2(b) are a voltage type full bridge inverter 21 and a current type full 
bridge inverter 22, respectively, each having four switching elements, and diodes corresponding to the respective 
20 switching elements. Each of these full bridge Inverters outputs a voltage in a range from +Vpc to -Vqc, to a load L, 
when the voltage of its input power supply is a DC voltage Vqq. 

[01 24] To be specific, the voltage type full bridge inverter 21 is composed of a first series connection circuit C1 a in 
which first and second switching circuits 21a and 21b are connected In series, and a second series connection circuit 
C1b in which third and fourth switching circuits 21c and 21 d are connected in series, and the second series connection 

2s circuit C1 b Is connected in parallel with the first series connection circuit C1 a. Each of the respective switching circuits 
21 a— 21 d is composed of a switching element S1 comprising an NPN transistor, and a diode D1 which is connected 
in reverse-parallel with the switching element S1 . In the inverter 21, the DC voltage VDC from the power supply 1 is 
applied to both ends of the first and second series connected circuits C1 a and C1 b, and the AC voltage Vd to be applied 
to the load L is generated between a node N1 a of the first and second switching circuits 21 a and 21b in the first series 

30 connection circuit C1a, and a node N1b of the third and fourth switching elements 21c and 21 d in the second series 
connection circuit C1b. 

[0125] Further, the current type full bridge inverter 22 is composed of a first series connection circuit C2a in which 
first and second switching circuits 22a and 22b are connected in series; a second series connection circuit C2b in 
which third and fourth switching circuits 22c and 22d are connected in series, which circuit C2b is connected in parallel 

35 with the first series connection circuit C2a; and an inductance element 22e, an end of which is connected to ends of 
the first and second series connection circuits C2a and C2b. Each of the respective switching circuits 22a— 22d is 
composed of a switching element S2 comprising an NPN transistor, and a diode D2 whose anode is connected to an 
emitter of the NPN transistor. In this inverter 22, when the DC voltage V DC from the power supply 1 is applied between 
the other end of the inductance element 22e and the other ends of the first and second series connection circuits C2a 

to and C2b, the AC voltage Vd to be applied to the load L is generated between a node N2a of the first and second 
switching circuits 22a and 22b in the first series connection circuit C2a, and a node N2b of the third and fourth switching 
circuits 22c and 22d in the second series connection circuit C2b. 

[01 26] Further, the inverters shown in figures 2(c) and 2(d) are voltage type half bridge inverters 23 and 24, respec- 
tively, each comprising two switching elements, and diodes corresponding to the respective switching elements. 
45 [01 27] The half bridge inverter 23 outputs a voltage in a range from ^Jq(J2 to -V DC /2, to the load L, when the voltage 
at its input power supply is the DC voltage V DC . Further, the half bridge inverter 24 outputs a voltage in a range from 
to 0 when the voltage at its input power supply is the DC voltage Vqq. In this way, the utilization factor of the 
power supply by the half bridge inverter is half that of the full bridge inverter. 

[01 28] To be specific, the voltage type half bridge inverter 23 is composed of a first series connection circuit C3a in 
50 which first and second switching circuits 23a and 23b are connected in series, and a second series connection circuit 
C3b in which first and second capacitance circuits 23c and 23d are connected in series, and the second series con- 
nection circuit C3b is connected in parallel with the first series connection circuit C3a. Each of the respective switching 
circuits 23a— 23d is composed of a switching element S3 comprising an NPN transistor, and a diode D3 which is 
connected in reverse-parallel with the switching element S3. The first and second capacitance circuits 23c and 23d 
55 comprise condensers 23c and 23d, respectively. In this inverter 23, when the DC voltage VDC from the power supply 
1 is applied to both ends of the first and second series connected circuits C3a and C3b, the AC voltage Vd to be applied 
to the load L is generated between a node N3a of the first and second switching circuits 23a and 23b in the first series 
connection circuit C3a, and a node N3b of the first and second capacitance circuits 23c and 24d in the second series 
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connection circuit C3b. 

[0129] Further, the voltage type half bridge inverter 24 is composed of a series connection circuit C4a in which first 
and second switching circuits 24a and 24b are connected In series. Each of the switching circuits 24a and 24b is 
composed of a switching element S4 comprising an NPN transistor, and a diode D4 which is connected in inverse- 
parallel with the switching element S4. In the inverter 24, when the output voltage from the DC power supply 1 Is applied 
to both ends of the series connection circuit C4a, the AC voltage Vd to be applied to the load L is generated between 
an anode and a cathode of the diode D4 which is a component of the second switching circuit 24a. 
[0130] Next, the output current detection means 3, the current sensor 9, the output vottage detection means 4, the 
open/close switch 10, and the timing detection means 7 will be described in detail. 

[0131] The output current detection means 3 detects the inverter output current (linear compressor driving current) 
Id applied to the linear motor 82 (refer to figure 7) of the linear compressor 100, on the basis of the driving current 
monitor signal Scm as a monitor output of the current sensor 9, and outputs a driving current detection signal Dcd to 
the open/close switch 10. As an example of the current sensor 9, there is a magnetic type current detection sensor 
using a magnetic substance and a Hall element, or a current transformer which generates a voltage according to the 
linear compressor driving current. Further, as a method for detecting the driving current of the linear compressor 1 00, 
there is a method of calculating a current from a voltage which is generated in a. shunt resistor placed in the current 
supply path. 

[0132] The output voltage detection means 4 detects the inverter output voltage (linear compressor driving voltage) 
Vd to be supplied from the inverter 2 to the linear motor 82 (refer to figure 7) of the linear compressor 100, and outputs 
a driving voltage detection signal Dvd to the open/close switch 1 0. When the inverter 2 Is a voltage type inverter, since 
the waveform of the inverter output voltage Vd is a PWM waveform, it is difficult to directly measure the inverter output 
voltage Vd. So, as a method for measuring the output voltage from the voltage type inverter, there is a method of 
subjecting the output voltage to PWM waveform shaping, using a low-pass filter comprising a transformer or a con- 
denser and a resistor, and measuring the waveform-shaped output voltage. Further, as a method for measuring the 
output vottage from the voltage type inverter, besides the above-mentioned method using a low-pass filter, there is a 
method of calculating the output voltage Vd of the inverter 2, on the basis of the DC voltage VDC inputted to the inverter 
2, and the pulse width of the PWM signal that is the inverter control signal Sep outputted from the inverter controller 6. 
[0133] The open/close switch 10 has a first input side node 10a to which the driving current detection signal Dcd 
from the output current detection means 3 is input; a second input side node 1 0b to which the driving voltage detection 
signal Dvd from the output voltage detection means 4 is input; a first output side node 10c for outputting the driving 
current detection signal Dcd to the piston velocity detection means 8; and a second output side node 1 0d for outputting 
the driving voltage detection signal Dvd to the piston velocity detection means 8. The open/close switch 10 connects 
or Isolates the first input side node 10a to/from the first output side node 1 0c, and connects or isolates the second input 
side node 10c to/from the first output side node 10d. 

[0134] The timing detection means 7 detects a phase timing at which the phase of the linear compressor driving 
current Id matches at least one of 90° and 270° , on the basis of the driving current monitor signal Scm from the current 
sensor 9, and outputs a switch control signal Scs for connecting the first (second) input side node 1 0a (1 0b) to the first 
(second) output side node 10c (10d), at the phase timing, to the open/close switch 10. This timing detector 7 utilizes 
that the inverter output current (linear compressor driving current) Id is a sinusoidal wave and therefore it takes an 
extreme value when the phase is 90° or 270° , and detects a phase timing at which the phase of the driving current 
matches at least one of 90° and 270° as a phase timing at which the driving current Vd takes a peak value (maximum 
amplitude). 

[0135] Finally, the piston velocity calculation means 8 will be described In detail. 

[0136] The piston velocity calculation means 8 receives the driving current detection signal Dcd from the output 
current detection means 3 and the driving voltage detection signal Dvd from the output voltage detection means 4 at 
the phase timing detected by the timing detector 7, and calculates the maximum amplitude of the velocity of the piston 
that reciprocates at a constant angular velocity (the maximum value of the absolute value of the piston velocity) from 
the Instantaneous values of the Inverter output current Id and the Inverter output voltage Vd at the phase timing, and 
the thrust constant of the linear motor, and outputs piston velocity information Ipve indicating the maximum amplitude 
of the piston velocity. 

[0137] Subsequently, the arithmetic processing to be performed by the piston velocity calculation means 8 will be 
specifically described with reference to drawings and formulae. 

[0138] Figure 3 Is a diagram for explaining the resonance driving state of the linear compressor wherein the linear 
compressor is driven in the resonance state of piston reciprocating motion, and illustrates how the driving current Id, 
piston velocity (reciprocation velocity) v, piston displacement x\ and piston acceleration a change in the resonance 
driving state. The piston displacement x* is a displacement of the piston position with respect to the piston amplitude 
center position Pav shown in figure 9. 

[0139] Since the inverter output current (linear motor driving current) Id supplied to the linear compressor 1 00 is in 
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proportion to the force applied to the piston, the phase of the linear motor driving current Id is equal to the phase of 
the piston velocity v in the resonance driving state of the linear compressor 1 00. Further, since the piston displacement 
x 1 and the piston acceleration a correspond to an integrated value and a differentiated value of the piston velocity v, 
respectively, the phase of the piston displacement x' is delayed by 90° with respect to the phase of the piston velocity 
v, and the phase of the piston acceleration a is advanced by 90° with respect to the piston velocity v, in the resonance 
driving state of the linear compressor. 

[0140] Further, as for the equation of motion of the piston, formula (1) holds, which is derived from the equivalent 
circuit of the linear motor (refer to figure 8) according to the Kirchhoff's law, as already explained for the prior art. 
However, as the equation of motion of the piston in the resonance driving state of the linear compressor, the following 
formula (5) especially holds Instead of formula (1). 

Vm=l(V r RX!i) (5) 

[0141] To be brief, as shown In figure 3, in the resonance driving state where the linear compressor 100 is driven in 
the resonance state of the piston reciprocating motion, the phase of the linear motor driving current Id is equal to the 
phase of the piston velocity v. For example, when the phase of the driving current Id is 90° or 270° , the phase of the 
piston velocity v Is also 90° or 270° . 

[0142] To be specific, in the resonance driving state of the linear compressor 100, the piston velocity v takes its 
maximum value or minimum value, i.e., the absolute value of the piston velocity becomes maximum, at the phase 
timing detected by the timing detection means 7 (the timing at which the phase of the driving current Id is 90° or 270° ), 
and the driving current Id also takes its maximum value or minimum value. Therefore, the differentiated value of the 
driving current Id becomes zero, whereby the value of the third term in the right side of formula (1 ) becomes zero. 
[0143] Accordingly, when the linear compressor is in the resonance driving state, formula (5), which is obtained by 
deleting the third term in the right side of formula (1), holds. Available V and a variable I In formula (5) are a measured 
value V of the inverter output voltage Vd and a measured value I of the inverter output current Id, respectively. 
[0144] Based on formula (5), the maximum amplitude (the maximum value or minimum value) vO[m/s] of the piston 
velocity v Is obtained from the instantaneous value V1[V] of the inverter output voltage Vd (measured value V) at the 
timing when the phase of the driving current of the linear compressor is 90° or 270° , the instantaneous value 11 (A] of 
the inverter output current Id (measured value I) at this timing, the equ ivaient resistance R [Q] of the coif as a component 
of the linear motor, and the thrust constant a [N/A] of the motor. 

[0145] In the linear compressor driving apparatus 1 01 according to the first embodiment, the respective means 3—5, 
7, and 8 as components of the linear compressor driving apparatus 1 01 , and the Inverter controller 6 are constituted 
by software. However, these means 3—5, 7, and 8, and the inverter controller 6 may be constituted by hardware. 
[0146] Further, in the description of the first embodiment, for simplification, the linear compressor driving apparatus 
1 01 has the open/close switch 1 0 constituted by hardware. However, when the respective means 3—8 are constituted 
by software, the linear compressor driving apparatus 1 01 can be constituted without using the open/close switch 1 0. 
[0147] For example, instead of using the open/close switch 1 0, the output current detection means 3 and the output 
voltage detection means 4 may be operated only when the timing detection means 7 detects a phase timing at which 
the phase of the linear compressor driving current Id matches at least one of 90° and 270° to output the driving current 
detection signal Dcd and the driving voltage detection signal Dvd to the piston velocity detection means 8, respectively. 
[0146] Next, the operation will be described. 

[0149] The inverter controller 6 generates a pulse signal Sep whose pulse width Is adjusted according to the reso- 
nance frequency information Irf outputted from the resonance frequency information output means 5, and supplies the 
pulse signal Sep as an inverter control signal to the inverter 2. The pulse width of the pulse signal Sep is adjusted so 
that the linear compressor 1 00 is driven in the resonance state of the piston reciprocating motion. 
[0150] When the pulse signal Sep is supplied to the inverter 2, the inverter 2 generates an AC voltage Vd whose 
frequency matches the resonance frequency Fr, from the DC voltage V^ supplied from the power supply 1 , on the 
basis of the pulse signal Sep, and outputs the AC voltage Vd to the linear motor of the linear compressor 1 00 as its 
driving voltage. 

[0151] For example, when the voltage type full bridge inverter 21 shown in figure 2(a) is used as the inverter 2, the 
pulse signal Sep from the inverter controller 6 is applied to the bases of the NPN transistors (switching elements) S1 
constituting the respective switching circuits 21a— 21 d in the inverter 21 . In the inverter 21 , ON/OFF operations of the 
switching elements S1 of the first and fourth switching circuits 21 a and 21 d, and ON/OFF operations of the switching 
elements S1 of the second and third switching circuits 21b and 21c are complementary carried out Thereby, an AC 
voltage as the inverter output voltage Id is generated between the connection node N1a of the first series connection 
circuit C1 a and the connection node N 1 b of the second series connection circuit C1 b, and this AC voltage Id is applied 
as a driving voltage to the linear motor of the linear compressor 1 00. 
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[0152] In the linear compressor 100, when the driving voltage Id is applied to the linear motor, the piston starts 
reciprocating motion. Thereafter, when the driving state of the linear compressor 100 is stabilized, the linear compressor 
1 00 goes into the resonance driving state where the piston reciprocating motion is In the resonance state, under a 
predetermined load condition. 

5 [0153] At this time, the driving current Id supplied to the linear compressor is monitored by the current sensor 9, and 
the current sensor 9 outputs a current monitor output (driving current monitor signal) Scm to the output current detection 
means 3 and the timing detection means 7. 

[0154] In the output current detection means 3, the inverter output current, i.e., the driving current Id of the linear 
compressor 1 00, is detected on the basis of the current monitor output Scs from the current sensor 9, and a detection 

10 result (driving current detection signal) Dcd Is output to the first input side node 1 0a of the open/close switch 1 0. Further, 
in the output voltage detection means 4, the inverter output voltage Vd is detected, and a detection result (driving 
voltage detection signal) Dvd is output to the second input side node 10b of the open/close switch 10. 
[0155] In the timing detection means 7, the phase timing at which the phase of the driving current Id becomes 90° 
or 270° is detected on the basis of the current monitor output Scm from the current sensor 9 and, at this phase timing, 

is the switch control signal Scs for connecting the first and second input side nodes 1 0a and 1 0b of the open/close switch 
10 with the corresponding first and second output side nodes 10c and 10d is output to the open/close switch 10. 
[0156] In the open/close switch 10, the corresponding input side node and output side node are connected at the 
phase timing according to the switch control signal Scs, and the values (instantaneous values) 11 and V1 of the driving 
current Id and the driving voltage Vd at the phase timing are output to the piston velocity calculation means 8. 

20 [0157] In the piston velocity calculation means 8, a crest value vm of the piston velocity is calculated from the in- 
stantaneous values 11 and V1 of the driving current and the driving voltage at the phase timing, on the basis of formula 
(5) described above, and piston velocity information Ipve indicating the crest value is output. 

[0158] As described above, in the linear compressor driving apparatus 101 according to the first embodiment, the 
linear compressor 100 is driven under the resonance driving state where the piston reciprocating motion is in the 

25 resonance state, and the instantaneous value V1[V] of the driving voltage and the instantaneous value 11 [A] of the 
driving current when the phase of the linear compressor driving current Id under this driving state becomes 90° or 270° 
are measured, and further, the maximum amplitude vm [m/s] of the piston velocity is obtained on the basis of a pre- 
determined function expression, using the measured Instantaneous value V1[V] of driving voltage and the measured 
instantaneous value 11 [A] of driving current, the equivalent resistance [Q] of the coil of the linear motor, and the thrust 

30 constant a [N/A] of the motor. Therefore, the number of times the driving current is measured is reduced as compared 
with the case where the piston velocity is obtained by performing differentiation based on the measured value of the 
linear compressor driving current, and the maximum amplitude vm [m/s] of the piston velocity can be obtained by 
measuring the driving current and the driving voltage once for every cycle of the driving current, at the minimum. 
[0159] Furthermore, in this first embodiment, since the maximum amplitude vm of the piston velocity is calculated 

35 by the four fundamental rules of arithmetic using the driving current instantaneous value 11 [A] and the driving voltage 
instantaneous value V1 [V] at the timing when the phase of the driving current Id is 90° or 270° , it is not necessary to 
perform differentiation of the driving current in calculating the maximum amplitude of the piston velocity. Therefore, 
calculation errors caused by a differentiator are eliminated to enhance the piston velocity calculating accuracy. 
[0160] While in this first embodiment the timing detection means 7 detects a phase timing at which the phase of the 

40 inverter output current (linear compressor driving current) Id becomes at least one of 90° and 270° , the timing detection 
means 7 may detect a phase timing at which the amount of change in the driving current Id of the linear compressor 
1 00 becomes zero. 

[0161] Also in this case, the timing detector 7 outputs a phase timing at which the instantaneous value of the driving 
current (inverter output current) Id becomes the crest value (maximum amplitude). The reason is as follows. Since the 
<s driving current is a sinusoidal wave, the driving current takes its peak value when the phase of the driving current is 
90° and 270° . 

[0162] Furthermore, as a method of detecting a timing at which the driving current (inverter output current) Id takes 
its crest value, there Is proposed a method of continuously monitoring the value of the inverter output current, and 
detecting a phase timing at which the direction of change of this vaiue is switched, i.e., a phase timing at which the 

so direction of change of the output current value is switched from increase to decrease or from decrease to increase. 
[01 63] Furthermore, while in this first embodiment the timing detection means 7 detects a phase timing at which the 
phase of the output current from the inverter 2 becomes 90° or 270° , on the basis of the monitor output Scm of the 
current sensor 9, the timing detection means 7 may detect a phase timing at which the phase of the output current 
from the inverter 2 becomes 90° or 270° , on the basis of the pulse signal Sep which is a control signal for the inverter 

55 2 outputted from the inverter controller 6. 

[01 64] In this case, however, there is a possibility that the phase of the inverter output current which is theoretically 
determined from the control signal (pulse signal) Sep for the inverter 2 outputted from the inverter controller 6 might 
be deviated from the phase of the output current Id which is actually output from the inverter 2 by an amount equivalent 
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to a control error. 

[01 65] So, there is proposed a method of detecting a phase difference between the phase of the ideal inverter output 
current based on the inverter control signal Sep outputted from the inverter controller 6 and the phase of the output 
current Id actually outputted from the inverter 2, and correcting the phase of the inverter control signal Sep from the 
inverter controller 6 on the basis of the detected phase difference. As a concrete method of detecting such phase 
difference, there is proposed a method of measuring a phase timing at a zero cross point of the output current Id which 
is actually output from the inverter 2, and calculating a difference between this phase timing and a phase timing at 
which the phase of the Inverter control signal Sep from the Inverter controller 6 becomes 0° or 180° . 
[0166] Further, while in this first embodiment the internal resistance value R of the linear motor to be used in the 
arithmetic processing by the piston velocity calculation means 8 is a specific value that is measured in advance, the 
internal resistance vaiue R may be subjected to correction based on temperature. 

[0167] To be brief, actually, the internal resistance value R of the linear motor increases as the temperature of the 
linear motor Increases. 

[0168] So, a more accurate value can be obtained as a crest value of the piston velocity by measuring the temperature 
of the linear motor, and using a value obtained by subjecting a previously measured internal resistance value to cor- 
rection based on the temperature, in the piston velocity calculation. 

[0169] As a concrete method for temperature-correcting the internal resistance value, there is proposed a method 
using a table showing the relationships between the temperatures of conductors to be used as the coil of the linear 
motor and their resistance values, or a method using a calculation formula for temperature-correcting the internal 
resistance value. 

[0170] For example, when the coil of the linear motor is a copper coil that is generally used, a resistance value Rt 
at t°C in relation to a resistance value R20 measured at 20°C, can be obtained by the following formula (6). ddd 

Rt = R20{1 +0.00393 X (t - 20)} (6) 

[0171] Further, while in this first embodiment the thrust constant of the linear motor to be used in the arithmetic 
processing by the piston velocity calculation means 8 Is a specific value that is measured in advance, the thrust constant 
may be subjected to correction according to the driving state of the linear compressor. 

[0172] For example, the thrust constant may be subjected to correction according to the temperature of the linear 
motor. That is, actually, the thrust constant decreases as the temperature of the linear motor increases. This is because 
the flux density of the magnetic substance used in the linear motor decreases as the temperature increases. So, a 
more accurate value can be obtained as the crest value of the piston velocity by measuring the temperature of the 
linear motor, and using a value obtained by subjecting a previously measured thrust constant to correction based on 
the temperature, in the piston velocity calculation. As a concrete method for subjecting the thrust constant to temper- 
ature correction, there is proposed a method using a table showing the relationships between the temperatures of 
available magnetic substances and their flux densities. 

[0173] Furthermore, the thrust constant may be subjected to correction according to the driving velocity (angular 
velocity) of the linear motor. That is, actually, the thrust constant of the linear motor decreases as the driving velocity 
(angular velocity) of the linear motor increases. So, the piston velocity calculation means 8, which repeatedly calculates 
the piston velocity, may correct the thrust constant of the linear motor on the basis of the piston velocity obtained by 
the previous calculation in each of calculation steps repeated, and it may calculate the piston velocity using the corrected 
thrust constant. As a concrete method for correcting the thrust constant, there is proposed a method of correcting the 
thrust constant of the linear motor using a table showing the relationships between the driving velocities of the motor 
and the thrust constants thereof, which are obtained from test values. 

(Embodiment 2) 

[0174] Figure 4 is a block diagram for explaining a linear compressor driving apparatus according to a second em- 
bodiment of the present invention. 

[0175] A linear compressor driving apparatus 1 02 according to the second embodiment is provided with, in addition 
to the linear compressor driving apparatus 101 according to the first embodiment, a piston stroke calculation means 
41 which calculates the stroke of piston reciprocating motion on the basis of the crest value vO of the piston velocity 
that is obtained by the piston velocity calculation means B, and the inverter driving frequency Fd that is determined by 
the inverter controller 6, and outputs piston stroke information Ipst indicating the piston stroke. The inverter controller 
6 according to this second embodiment adjusts the pulse width of the PWM signal Sep for switching the inverter 2, on 
the basis of the resonance frequency information Irf, and outputs the pulse width adjusted PWM signal Sep as an 
inverter driving control signal and, furthermore, outputs information (inverter driving frequency information) Idf indicating 
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the output voltage of the inverter 2 and the frequency of the output voltage, which are determined according to the 
pulse width of the PWM signal Sep, as the inverter driving frequency Fd, to the piston stroke calculation means 41 . 
Ideally, the inverter driving frequency Fd matches the resonance frequency Information Fr. Further, In this second 
embodiment, the piston stroke calculation means 41 is constituted by software. However, the piston stroke calculation 
means 41 may be constituted by hardware. 
[0176) Next, the operation will be described. 

[0177] Since the operations of the components of the linear compressor driving apparatus 102 according to this 
second embodiment except the inverter controller 6 and the piston stroke calculation means 41 are identical to those 
already described for the linear compressor driving apparatus 101 according to the first embodiment, the operations 
of the Inverter controller 6 and the piston stroke calculation means will be mainly described hereinafter. 
[0178] The position of the piston 72 that reciprocates in the linear compressor 100 is expressed by a sinusoidal 
function in which time is a variable, as the piston 72 is subjected to the pressure of the compressed cooling medium 
gas. Accordingly, assuming that the angular velocity of piston reciprocating motion is o> [rad/sec], the maximum am- 
plitude of piston displacement is xm[m), and the piston displacement relative to the piston amplitude center position 
Pav (refer to figure 9) (i.e., the distance between the point where the piston is positioned at time t, and the piston 
amplitude center position) is x(t)[m], the piston displacement x(t) is represented by the following formula (7), with time 
t[sec] being a variable. 



[0179] Further, the piston velocity Is also expressed by a sinusoidal function in which time is a variable. Accordingly, 
like the piston displacement, assuming that the angular velocity of the piston reciprocating motion is a> [rad/sec], the 
maximum amplitude of the piston velocity is vm[m/s], and the piston instantaneous velocity (the piston velocity at time 
t) is v(t)[m/s], the piston instantaneous velocity v(t) is represented by a sinusoidal function in which time t[sec] is a 
variable, as shown by the following formula (8). 



[01 80] Further, since the piston displacement x(t) is an integrated value of the piston velocity v(t), the following formula 
(9) is derived from formula (8), as a functional equation indicating the piston displacement with time being a variable. 



[0181] Then, the piston displacement x(t) is erased from formulae (7) and (9), whereby the maximum amplitude xm 
of the piston displacement can be expressed using the maximum amplitude vm of the piston velocity, as xm=-vm/a>. 
[0182] Accordingly, the maximum amplitude xm[m] of the piston displacement can be obtained by dividing the max- 
imum amplitude vm[m/s] of the piston velocity, with the operating angular velocity o> [rad/sec]. 

[0183] That is, in the inverter controller 6, the pulse width of the PWM signal Sep for switching the inverter 2 is 
adjusted on the basis of the resonance frequency information Irf, and the pulse width adjusted PWM signal Sep is 
output to the inverter 2 as an inverter driving control signal, and further, the information (inverter driving frequency 
information) Idf indicating the output voltage of the inverter 2 and the frequency of the output voltage, which are de- 
termined according to the pulse width of the PWM signal Sep, is output as the inverter driving frequency Fd to the 
piston stroke calculation means 41 . 

[0184] Then, on receipt of the piston velocity information Ipve outputted from the piston velocity calculation means 
8 and the inverter driving frequency information Idf outputted from the inverter controller 6, the piston stroke calculation 
means 41 performs arithmetic processing in which the maximum amplitude vm[m/s] of the piston velocity indicated by 
the piston velocity information Ipve Is divided by the angular velocity co[rad/sec] of the piston reciprocating motion. 
Thereby, the maximum amplitude xm[m] of the piston displacement is calculated. The angular velocity co [rad/sec] of 
the piston reciprocating motion can be obtained by multiplying the output voltage of the inverter 2 and the frequency 
Fd[Hz] of the output voltage which are indicated by the Inverter driving frequency information Idf, with 2k. 
[0185] Then, the calculation means 41 outputs the piston stroke information Ipst indicating the piston stroke in the 



x(t)=x m x since- 1 



(7) 



v(r)=v m xslna>f 



(8) 



x(t) = \v(t)dt 




. . . (9) 
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piston reciprocating motion (double the amplitude maximum value xm), as information indicating the maximum ampli- 
tude xm[m] of the piston displacement, which is obtained in the above-described arithmetic processing. 
[0186] As described above, the linear compressor driving apparatus 102 according to the second embodiment in- 
cludes, in addition to the components of the linear compressor driving apparatus 1 01 according to the first embodiment, 
s the piston stroke calculation means 41 for calculating the piston stroke on the basis of the crest value vm of the piston 
velocity obtained by the piston velocity calculation means 8, and the inverter driving frequency Fd determined from the 
resonance frequency Frof the linear compressor. Therefore, the risk of collision between the piston and the cylinder 
head in the linear compressor can be Judged on the basis of the piston stroke. 

[0187] While the linear compressor driving apparatus 102 according to the second embodiment is constituted by 
io adding the piston stroke calculation means 41 to the linear compressor driving apparatus 101 according to the first 
embodiment, the linear compressor driving apparatus 1 02 may further include a bottom dead point position information 
output means for outputting information about the distance from the cylinder head position Psh to the piston bottom 
dead point position Pbd (i.e., the displacement xbd" in the third coordinate system X?' shown In figure 9) as information 
indicating the piston bottom dead point position Pbd (refer to figure 9). and an arithmetic means for performing four 
1* fundamental operations of arithmetic on the basis of the piston stroke information and the bottom dead point position 
information. 

[0188] In this case, the arithmetic means can derive the piston displacement xav° in the third coordinate system X" 
Indicating the piston amplitude center position pav (refer to figure 9), by subtracting a value (Lps/2) half the stroke 
value indicated by the piston stroke information, from the value xbd" indicated by the bottom dead point position infor- 
20 matlon (refer to figure 9). Furthermore, in this case, the linear compressor driving efficiency can be further enhanced 
by controlling the linear compressor so that the piston amplitude center position matches a position where the maximum 
efficiency of the linear motor can be achieved. 

[0189] Further, the piston displacement xtd" on the third coordinate system X" indicating the piston top dead point 
position Ptd (refer to figure 9) can be derived by subtracting the piston stroke value (Lps) itself indicated by the piston 
25 stroke information, from the value xbd° indicated by the bottom dead point position information (refer to figure 9), with 
the arithmetic means. Since this displacement xtd" is the distance from the cylinder head to the piston top dead point 
position, the possibility of collision of the piston with the cylinder head can be judged from the displacement and, 
therefore, it is useful in preventing collision of the piston with the cylinder head. 

[0190] As a concrete configuration of the bottom dead point position information output means, for example, there 

30 is a bottom dead point position sensor which measures, as a piston bottom point position, a position where a prede- 
termined measurement point that is set on the piston is most apart from the cylinder head, and outputs the measured 
value as information indicating the distance from the cylinder head position Psh to the piston bottom dead point position 
Pbd. Further, the bottom dead point position sensor may be a position sensor having a short range of measurement, 
which can detect only the piston bottom dead point position, or a simple position sensor which detects whether or not 

35 the piston measurement point goes away from the cylinder head beyond a predetermined position. 

[01 91 ] Furthermore, the bottom dead point position information output means may output bottom dead point position 
information indicating a piston bottom dead point position in the piston reciprocating motion with reference to the cylinder 
head position psh, on the basis of the output voltage of the inverter and the frequency of the output current of the 
inverter, which are determined by the inverter controller, and the maximum amplitude of the piston velocity, which is 

<*o calculated by the piston velocity calculation means. 

[0192] Moreover, the bottom dead point position information output means may output, as the bottom dead point 
position information, position information indicating the piston bottom dead point with reference to the piston neutral 
position, on the basis of the output voltage of the inverter and the frequency of the output current of the inverter, which 
are determined by the inverter controller, the maximum amplitude of the piston velocity which is calculated by the piston 

45 velocity calculation means, the weight of the movable member performing the piston reciprocating motion, and the 
spring constant of the elastic member. A concrete configuration of the bottom dead point position information output 
means in this case will be later described as a bottom dead point position calculation means 51 (refer to figure 5) 
according to a third embodiment. 

[0193] Furthermore, the linear compressor driving apparatus may include, in addition to the I in ear com pressor driving 
50 apparatus 1 02 according to the second embodiment, a top dead point position output means for outputting information 
about the distance from the cylinder head position Psh to the piston top dead point position Ptd (the displacement 
xtd" in the third coordinate system X" shown in figure 9), as information indicating the piston top dead point position 
Ptd (refer to figure 9), and an arithmetic means for performing four fundamental operations of arithmetic on the basis 
of the piston stroke information and the top dead point position information. 
55 [0194] In this case, the arithmetic means can derive the piston displacement xav" in the third coordinate system X" 
indicating the piston amplitude center position pav (refer to figure 9), by adding a value (Lps/2) half the stroke value 
indicated by the piston stroke information, to the value xbd" indicated by the bottom dead point position information 
(refer to figure 9). 
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[0195] Further, the displacement xpd M in the third coordinate system X" indicating the piston bottom dead point po- 
sition Pbd (refer to figure 9) can be derived by adding the piston stroke value (Lps) indicated by the piston stroke 
information to the value xtd" indicated by the top dead point position information (refer to figure 9), with the arithmetic 
means. Since this displacement xbd" is the distance from the cylinder head position Psh to the piston bottom dead 
s point position Pbd, the displacement xbd" is useful in drive control for the linear compressor to prevent the resonance 
spring from being deformed beyond the destruction limit. 

[0196] As a concrete configuration of the top dead point position information output means, for example, there is a 
top dead point position sensor which measures, as a piston top point position, a position where a predetermined meas- 
urement point that is set on the piston is closest to the cylinder head, and outputs the measured value as information 
10 indicating the distance from the cylinder head position Psh to the piston top dead point position Ptd. Further, the top 
dead point position sensor may be a position sensor having a short range of measurement, which can detect only the 
piston top dead point position, or a simple position sensor which merely detects whether or not the measurement point 
of the piston approaches the cylinder head beyond a predetermined position. 

[0197] Furthermore, the linear compressor driving apparatus may include, in addition to the (in ear com pressor driving 
15 apparatus 102 according to the second embodiment, an amplitude center position information calculation means for 
outputting the distance from the cylinder head position Psh to the piston amplitude center position pav (the displacement 
xav" in the third coordinate system X B shown in figure 9) as information indicating the piston amplitude center position 
Pav (refer to figure 9), and an arithmetic means for performing four fundamental operations of arithmetic on the basis 
of the piston stroke information and the amplitude center position information. 
20 [01 98] In this case, the arithmetic means can derive the displacement xpd M in the third coordinate system X" indicating 
the piston bottom dead point position Pbd (refer to figure 9), by adding a value (Lps/2) half the stroke value indicated 
by the piston stroke information, to the value xav" indicated by the amplitude center position information (refer to figure 
9). 

[0199] Further, conversely, the arithmetic means can derive the displacement xtd" in the third coordinate system X" 
25 Indicating the piston top dead point position Ptd (refer to figure 9), by subtracting a value (Lps/2) half the stroke value 
indicated by the piston stroke information, from the value xav" indicated by the amplitude center position information 
(refer to figure 9). 

[0200] As a method of calculating the Information indicating the amplitude center position (the distance from the 
cylinder head position Psh to the piston amplitude center position Pav), there is a method of calculating a force caused 
30 by the gas pressure applied to the piston, on the basis of the pressure difference between the discharge pressure and 
the inlet pressure of the linear compressor, and the Bohr cross-section of the piston, to calculate the piston amplitude 
center position. 

[0201] In the above-described amplitude center position information calculating method using the pressure differ- 
ence, a force caused by the gas pressure applied to the piston may be calculated using not only the pressure difference 
35 but also the linear compressor driving frequency to, whereby the distance information as the piston amplitude center 
position information can be calculated with higher accuracy. 

[0202] Moreover, while in this second embodiment the thrust constant of the linear motor to be used in the arithmetic 
processing by the piston velocity calculation means is a specific value that is previously measured, the thrust constant 
may be subjected to correction according to the piston amplitude center position. 

40 [0203] That is, actually, the magnetic flux density between the coil and the magnet in the linear motor is increased 
or decreased according to the positional relationship between the coil and the magnet. This is because the magnetic 
field caused by the current applied to the linear motor increases or decreases the magnetic field of the magnet 
[0204] So, the amplitude center position information calculation means may correct the value of the thrust constant 
on the basis of the amplitude center position information which has been obtained in the previous calculation step, in 

is each of calculation steps of amplitude center position information to be repeated, and it may calculate the amplitude 
center position information on the basis of the corrected thrust constant. 

[0205] Further the piston stroke calculation means 8 may repeatedly calculate the piston stroke information on the 
basis of the maximum amplitude of the piston velocity, and correct the value of the thrust constant of the linear motor, 
which value varies according to the piston position, on the basis of the piston stroke information calculated in the 
so previous calculation step, in each of calculation steps to be repeated, and further, calculate the piston stroke information 
on the basis of the corrected thrust constant. In this case, a more accurate value can be derived as the piston stroke. 

(Embodiment 3) 

55 [0206] Figure 5 is a block diagram for explaining a linear compressor driving apparatus according to a third embod- 
iment of the present invention. Figure 1 0 illustrates a coordinate system Y n showing a piston position relative to a piston 
neutral position, in contrast with a coordinate system X° (the third coordinate system shown in figure 9) indicating a 
piston position relative to a cylinder header position Psh. 
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[0207] The linear compressor driving apparatus 103 according to the third embodiment includes, in addition to the 
components of the linear compressor driving apparatus 101 according to the first embodiment, a bottom dead point 
position calculation means 51 which calculates a displacement ybd M of a piston bottom dead point position Pd relative 
to a piston neutral position Pav (refer to figure 10), as distance information between the piston neutral position Pav 

5 and the piston bottom dead point position Pbd, on the basis of the crest value vm of the piston velocity obtained by 
the piston velocity calculation means 8, and the inverter driving frequency Fd determined by the inverter controller 6, 
and outputs the distance information as piston bottom dead point position information Ibdc. The piston neutral position 
Pav Is a position of the piston 72 on the piston axis when the support spring is not deformed. Further, the inverter 
controller 6 according to this third embodiment adjusts the pulse width of the PWM signal Sep for switching the inverter 

10 2 on the basis of the resonance frequency Information Irf, and outputs the pulse width adjusted PWM signal Sep as 
an inverter driving control signal to the inverter 2 and, furthermore, outputs information (inverter driving frequency 
information) Idf indicating the output voltage of the inverter 2 and the frequency of the output current of the inverter 2, 
which are determined according to the pulse width of the PWM signal Sep, as the inverter driving frequency Fd, to the 
bottom dead point position calculation means 51. 

15 [0208] Ideally, the Inverter driving frequency Fd matches the resonance frequency information Fr. Further, in this 
third embodiment, the bottom dead point position calculation means 51 is constituted by software. However, the bottom 
dead point position calculation means 51 may be constituted by hardware. 
[0209] Next, the operation will be described. 

[021 0] Since the operations of the components of the linear compressor driving apparatus 1 03 according to this third 
20 embodiment except the inverter controller 6 and the bottom dead point position calculation means 51 are identical to 
those already described for the linear compressor driving apparatus 101 according to the first embodiment, the oper- 
ations of the inverter controller 6 and the bottom dead point position calculation means 51 will be mainly described 
hereinafter. 

[0211] As a motion equation relating to the piston reciprocating motion by the linear motor of the linear compressor 
25 1 03, the following equation (1 0) holds. 

mxa+kxy*=axl-MP (t) -P s ) (10) 

30 [0212] In equation (10), m isthe total mass [kg] of the reciprocating movable member, and a is the instantaneous 
acceleration [m/s/s] of the reciprocating movable member. Further, k is the spring constant [N/m] of the support spring 
that is incorporated into the linear compressor, y° is the displacement [m] of the movable member with respect to the 
position (piston neutral position) Pin i of the movable member in the state where the spring is not deformed, a is the 
thrust constant [N/A] of the linear motor, I is the measured value [A] of the driving current applied to the linear motor, 

35 p is the Bohr cross-section [m • m] of the piston, P(t) is the pressure [Pa] in the compression chamber, and Ps is the 
gas pressure (inlet pressure) [Pa] at the piston rear side. 

[0213] When the linear compressor 103 is being driven in the resonance state of the piston reciprocating motion, 
the pressure in the compression chamber becomes equal to the inlet pressure when the piston reaches the bottom 
dead point position. Therefore, at this point of time, the second term on the right side of motion equation (1 0) indicating 

40 the piston motion becomes zero. 

[0214] Further, as shown in figure 3, when the bottom dead point position, i.e., the piston displacement, becomes 
maximum, the acceleration also becomes maximum, whereby the driving current Id of the linear motor becomes zero. 
[0215] Accordingly, the acceleration a in the first term on the left side of equation (10) becomes the maximum ac- 
celeration value (a=am), the variable y" in the second term on the left side becomes the displacement of the bottom 

45 dead point position (y^ybd"), and the first term on the right side and the second term on the right side become zero 
(1=0), whereby equation (11) holds instead of equation (10). 
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mxa^xy^ (11) 

[021 6] In equation (11 ), am is the maximum value of piston acceleration [m/s/s], and ybd" is the displacement [m] of 
the bottom dead point position which is indicated relative to the piston neutral position Pini. 

[021 7] Accordingly, when the maximum value am[m/s/s] of piston acceleration is determined, the displacement ybd u 

[m] indicating the bottom dead point position (refer to figure 10) can be determined from equation (11). 

[021 8] Next, how to determine the maximum value am[m/s/s] of piston acceleration will be described. 

[0219] The piston acceleration a is expressed by a sinusoidal function in which time t is a variable, like the piston 

displacement x(t) and the piston velocity v(t) which are described for the second embodiment. 
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[0220] To be specific, assuming that the angular velocity of piston motion is o> [rad/secj, the maximum amplitude 
value of piston acceleration is am[m/s/s], and the instantaneous value of piston acceleration is a(t)[m/s/s], since ac- 
celeration is a differentiated value of velocity, the piston acceleration is expressed by equation (12) with time t[sec] 
being a variable. 

5 

a cn =a m * cos o • / 



10 




= ^ X V w X COS <D • / 

[0221] Since it is evident from equation (12) that the relationship am=vmxw holds, the maximum value am[m/s/s] 
f5 of piston acceleration is obtained by the product of the maximum amplitude value vm[m/s] of the piston velocity and 
the angular velocity o> [rad/sec] of the piston motion. 

[0222] The inverter controller 6 according to the third embodiment adjusts the pulse width of the PWM signal Sep 
for switching the inverter 2, on the basis of the resonance frequency information Irf, and outputs the pulse width adjusted 
PWM signal Sep as an inverter driving control signal to the inverter 2 and, furthermore, outputs the information (inverter 
20 driving frequency information) Idf indicating the output voltage of the inverter 2 and the frequency of the output current 
of the inverter 2, which are determined according to the pulse width of the PWM signal Sep, as the inverter driving 
frequency Fd, to the bottom dead point position calculation means 51 . 

[0223] Then, In the linear compressor driving apparatus 103 according to the third embodiment, the bottom dead 
point position calculation means 51 receives the piston velocity information Ipve outputted from the piston velocity 

25 calculation means B and the inverter driving frequency information Idf outputted from the inverter controller 6, and 
performs multiplication of the maximum amplitude vm[m/s] of the piston velocity indicated by the piston velocity infor- 
mation Ipve, and the operating angular velocity <a [rad/sec] (a value obtained by multiplying the inverter driving frequency 
Fd[Hz] indicated by the inverter driving frequency Information Idf, with 2k), thereby obtaining the maximum amplitude 
am[m/s/s] of acceleration. Further, the bottom dead point position calculation means 51 performs multiplication of the 

30 acceleration maximum amplitude am[m/s/s] and the total mass m[kg] of the movable member, and division for diving 
a value obtained by the multiplication with the spring constant k[N/m] of the support spring of the linear compressor 
100, thereby obtaining the displacement ybd"[m] indicating the bottom dead point position Pbd (refer to figure 10). 
Then, the bottom dead point position calculation means 51 outputs Information indicating the displacement ybd M [m] as 
bottom dead point position information Ibdc. 

35 [0224] As described above, the linear compressor driving apparatus 1 03 according to the third embodiment is pro- 
vided with the bottom dead point position calculation means 51 for calculating a value ybd'*[m] indicating the distance 
between the piston neutral position Pini and the piston bottom dead point position Pbd, as a piston displacement 
indicating the piston bottom dead point position Pbd, on the basis of the maximum amplitude vm[m/s] of the piston 
velocity obtained by the piston velocity calculation means 8, and the inverter driving frequency Fd determined from the 

40 resonance frequency Fr of the linear compressor, whereby the amount of flexure of the resonance spring can be 
grasped by the piston bottom dead point position information. The amount of flexure of the resonance spring is useful 
in drive-controlling the linear compressor so as to prevent the resonance spring from being deformed beyond the 
destruction limit 

45 (Embodiment 4) 

[0225] Figure 6 is a block diagram for explaining a linear compressor driving apparatus according to a fourth em- 
bodiment of the present Invention. 

[0226] A linear compressor driving apparatus 1 04 according to the fourth embodiment is provided with a power supply 
50 1 f an inverter 2, a current sensor 9, an output current detection means 3, a resonance frequency information output 
means 5, an inverter controller 6, and a timing detection means 7, like the linear compressor 101 according to the first 
embodiment. Further, it is provided with a center position calculation means 61 for calculating a displacement yav" of 
the piston amplitude center position Pav with respectto the piston neutral position Pini (referto figure 1 0), as information 
indicating a center position Pav of piston reciprocating motion (piston amplitude center position) Pav, on the basis of 
55 a detection result (driving current detection signal) Dcd from the output current detection means 3; and an open/close 
switch 11 for controlling supply and supply stop of the driving current detection signal Dcd to the center position cal- 
culation means 61 , according to a switch control signal Scs outputted from the timing detection means 7. 
[0227] The open/close switch 11 has an Input side node 11a to which the driving current detection signal Dcd is 
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applied from the output current detection means 3, and an output side not 11b from which the driving current detection 
signal Dcd is output to the center position calculation means 61 , and the switch 11 connects or disconnects the input 
side node 11a to/from the output side node 11 b, on the basis of the switch control signal Scs that is a detection result 
from the timing detection means 7. 
s [0228] In this fourth embodiment, the center position calculation means 61 is implemented by software. However, 
the center position calculation means 61 may be constituted by hardware. 
[0229] Next, the operation will be described. 

[0230] According to this fourth embodiment, like the first embodiment, in the linear compressor 1 00, the linear motor 
is driven with the ac voltage Vd supplied from the inverter 2, whereby the piston reciprocates. Further, since the fre- 

10 quency of theac current Vd appliedto the linear compressor matches the resonance frequency Frof piston reciprocating 
motion, the linear compressor 1 00 is driven in the resonance state of piston reciprocating motion. 
[0231] At this time, in the output current detection means 3, the inverter output current, i.e., the driving current Id of 
the linear compressor 100, is detected on the basis of the current monitoring output Scm from the current sensor 9, 
and a detection result (driving current detection signal) Dcd is output to the input side node 1 1 a of the open/close switch 

is 11. 

[0232] Further, in the timing detection means 7, a phase timing at which the phase of the inverter driving current Id 
becomes at least one of 90° and 270° is detected on the basis of the current monitoring output Scm from the current 
sensor 9, and a switch control signal Scs for connecting the input side node 11a and the output side node 11b of the 
open/close switch 11 is output to the open/close switch 11 at this phase timing. 
20 [0233] In the open/close switch 11, on receipt of the switch control signal Scs, the corresponding input side node 
and output side node are connected at the phase timing, whereby a value (instantaneous value) 11 of the driving current 
Id at the phase timing is output to the center position calculation means 61 . 

[0234] Then, in the center position calculation means 61, a displacement yav H [m] of the piston amplitude center 
position Pav relative to the piston neutral position Pini is calculated from the following formula (13), on the basis of the 
25 Instantaneous value Im of the driving current at the phase timing, and information indicating the displacement yav" is 
output as amplitude center position information lav. 

[0235] That is, as described in the third embodiment, as for the piston reciprocating motion by the linear motor of 
the linear compressor 1 00, the above-described equation (1 0) holds as a motion equation. 

[0236] With the phase timing at which the phase of the driving current applied to the linear compressor becomes at 
30 (east one of 90° and 270° in such piston reciprocating motion, the piston acceleration a[m/s/s] becomes zero, and the 
displacement y"[m] of the piston position P relative to the piston neutral position Pini matches the displacement yav" 
of the piston amplitude center position Pav relative to the piston neutral position Pini, and further, the driving current I 
[A] takes the maximum value Im. 

[0237] In this fourth embodiment, the linear compressor 1 00 is designed so that the inlet valve of the linear com- 
35 pressor 100 is opened at the above-mentioned phase timing, and the pressure P(t)[Pa] in the compression chamber 
becomes equal to the inlet pressure Ps[Pa], and therefore, the following equation (13) holds instead of equation (10). 

*Xy av -=«X'm ( 13 > 

40 

[0238] From equation (1 3), the displacement yav n [m] of the piston amplitude center position Pav can be obtained by 
arithmetic processing in which the product of the maximum amplitude lm[AJ of the input current to the linear compressor 
and the thrust constant a [N/A] of the linear motor is divided by the spring constant k[N/m] of the support spring of the 
linear compressor. 

45 [0239] As described above, the linear compressor driving apparatus 1 04 according to the fourth embodiment is 
provided with the center position calculation means 61 instead of the output voltage detection means 4 and the piston 
velocity detection means 8 in the linear compressor driving apparatus 101 according to the first embodiment, which 
calculation means 61 calculates the displacement yav" indicating the piston amplitude center position, on the basis of 
the instantaneous value lm[A] of the driving current at the phase timing in which the phase of the linear compressor 

50 driving current Id is at least one of 90° and 270°. Therefore, the displacement yav" of the center position Pav of piston 
reciprocating motion with respect to the piston neutral position Pini can be accurately obtained by relatively simple 
arithmetic processing including only multiplication and division, whereby detection of the center position Pav of piston 
reciprocating motion can be easily carried out with high accuracy. 

[0240] Furthermore, in this fourth embodiment, the linear compressor driving apparatus 1 04 detects the instantane- 
55 ous value Im of the inverter driving current Id with the phase timing at which the phase of the inverter driving current 
Id becomes at least one of 90° and 270° , and calculates the piston amplitude center position information on the basis 
of the instantaneous value Im. However, the linear compressor driving apparatus 104 may calculate the piston ampli- 
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tude center position information, on the basis of the instantaneous value Im of the inverter driving current Id, the pressure 
of the cooling medium gas discharged from the linear compressor, and the pressure of the cooling medium gas drawn 
Into the linear compressor. 

[0241] In this case, the linear compressor driving apparatus according to the fourth embodiment is further provided 
with a discharge pressure detection means for detecting the pressure of the cooling medium gas discharged from the 
linear compressor, and an inlet pressure detection means for detecting the pressure of the cooling medium gas drawn 
into the linear compressor, and the center position information calculation means calculates an action force in the 
direction of the piston reciprocating motion, which force acts on the piston from the cooling medium gas, on the basis 
of a pressure difference between the discharge pressure and the inlet pressure, and further, rt calculates position 
information indicating the piston center position relative to the piston position In which the pressure difference becomes 
zero, as the center position information. 

[0242] Furthermore, the center position information calculation means may calculate an action force in the direction 
of the piston reciprocating motion, which acts on the piston from the cooling medium gas, on the basis of a pressure 
difference between the discharge pressure and the inlet pressure, and the resonance frequency indicated by the res- 
onance frequency information outputted from the resonance frequency information output means 5, and it may calculate 
position information indicating the piston center position relative to the piston position in which the pressure difference 
becomes zero, as the center position information. 

APPLICABILITY IN INDUSTRY 

[0243] As described above, the linear compressor driving apparatus according to the present invention can accurately 
detect the stroke and top clearance of the piston of the linear compressor, in relatively simple arithmetic processing, 
without using a position sensor. Therefore, the linear compressor driving apparatus is very useful as a driving apparatus 
for a linear compressor in which the stroke and top clearance of a piston vary with variations of loads, and it is used 
for a refrigerating compressor. 



Claims 

1. A linear compressor driving apparatus for driving a linear compressor which has a piston and a linear motor for 
making the piston reciprocate, and generates a compressed gas by the reciprocating motion of the piston, with an 
AC voltage being applied to the linear motor, said apparatus comprising: 

an inverter for outputting an AC voltage and an AC current to the linear motor; 

a resonance frequency information output means for outputting resonance frequency information which indi- 
cates a resonance frequency of the reciprocating motion of the piston; 

a voltage detection means for detecting an output voltage of the inverter to output a voltage detection signal; 
a current detection means for detecting an output current of the inverter to output a current detection signal; 
an inverter controller for controlling the inverter on the basis of the resonance frequency information so that 
the inverter outputs, as its output voltage and output current, a sinusoidal- wave-shaped voltage and a sinu- 
soidal-wave-shaped current whose frequencies match the resonance frequency of the piston reciprocating 
motion, respectively; 

a timing detection means for detecting, as a specific phase timing, a phase timing at which a differentiated 
value of the output current of the inverter becomes zero; and 

a piston velocity calculation means for receiving the voltage detection signal and the current detection signal, 
and calculating a maximum amplitude of a piston velocity in the piston reciprocating motion, on the basis of 
instantaneous values of the output voltage and the output current from the inverter at the specific phase timing. 

2. A linear compressor driving apparatus as defined in Claim 1 , wherein 

the timing detection means detects, as the specific phase timing, a phase timing at which the amplitude of 
the output current from the inverter becomes maximum. 

3. A linear compressor driving apparatus as defined in Claim 1 , wherein 

the timing detection means detects a phase timing at which the phase of the output AC current from the 
inverter becomes at least one of 90° and 270° , as the specific phase timing, on the basis of the current detection 
signal. 

4. A linear compressor driving apparatus as defined in Claim 3, wherein 
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the inverter is provided with an inverter controller for outputting an inverter driving control signal which drives 
and controls the inverter; and 

the timing detection means detects a phase timing at which a differentiated value of the output current from 
the inverter becomes zero, on the basis of the phase of the inverter driving control signal. 

5. A linear compressor driving apparatus as defined in Claim 4, wherein 

the timing detection means has a phase shift amount detector for detecting the amount of phase shift of the 
phase of the Inverter driving control signal from the phase of the output current of the inverter, and detects a phase 
timing at which a differentiated value of the output current of the inverter becomes zero, on the basis of the inverter 
driving control signal whose phase is corrected so that the amount of phase shift becomes zero. 

6. A linear compressor driving apparatus as defined in Claim 1 , wherein 

the piston velocity calculation means performs a temperature correction process on a thrust constant of the 
linear motor, whose value varies with variations in temperature, and calculates a maximum amplitude of the piston 
velocity on the basis of the temperature-corrected thrust constant, the instantaneous current value, the instanta- 
neous voltage value, and an internal resistance value of the linear motor. 

7. A linear compressor driving apparatus as defined in Claim 1 , wherein 

the piston velocity calculation means performs a temperature correction process on an internal resistance 
value of the linear motor, whose value varies with variations In temperature, and calculates a maximum amplitude 
of the piston velocity on the basis of the temperature-corrected internal resistance value, the instantaneous values 
of the output voltage and output current of the inverter, and a thrust constant of the linear motor. 

8. A linear compressor driving apparatus as defined in Claim 1 , wherein 

the piston velocity calculation means repeats a velocity calculation process for calculating a maximum am- 
plitude of the piston velocity, and in each of the repeated velocity calculation processes, the piston velocity calcu- 
lation means corrects a thrust constant of the linear motor, whose value varies with variations in the piston velocity, 
on the basis of a maximum amplitude of the piston velocity which is calculated in the previous velocity calculation 
process, and calculates a maximum amplitude of the piston velocity on the basis of the corrected thrust constant. 

9. A linear compressor driving apparatus as defined in Claim 1 further including a stroke information calculation 
means for calculating piston stroke information which indicates a maximum amplitude of a piston displacement in 
the piston reciprocating motion, on the basis of the output voltage of the inverter and the frequency of the output 
current of the inverter, which are determined by the inverter controller, and the maximum amplitude of the piston 
velocity that is calculated by the piston velocity calculation means. 

10. A linear compressor driving apparatus as defined in Claim 1 further including a bottom dead point position infor- 
mation calculation means for calculating bottom dead point position information which indicates a piston bottom 
dead point position in the piston reciprocating motion, on the basis of the output voltage of the inverter and the 
frequency of the output current of the inverter, which are determined by the inverter controller, and the maximum 
amplitude of the piston velocity that is calculated by the piston velocity calculation means. 

11. A linear compressor driving apparatus as defined in Claim 9 further including: 

a bottom dead point position information calculation means for calculating bottom dead point position infor- 
mation which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of 
the output voltage of the inverter and the frequency of the output current of the inverter, which are determined 
by the inverter controller, and the maximum amplitude of the piston velocity that is calculated by the piston 
velocity calculation means; and 

an arithmetic means for calculating center position information which indicates a piston center position in the 
piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the bottom 
dead point position information and the piston stroke information. 

12. A linear compressor driving apparatus as defined in Claim 9 further including: 

a bottom dead point position information calculation means for calculating bottom dead point position infor- 
mation which indicates a piston bottom dead point position in the piston reciprocating motion, on the basis of 
the output voltage of the inverter and the frequency of the output current of the inverter, which are determined 
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by the inverter controller, and the maximum amplitude of the piston velocity which is calculated by the piston 
velocity calculation means; and 

an arithmetic means for calculating top dead point position Information indicating a piston top dead point po- 
sition in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis 
5 of the bottom dead point position Information and the piston stroke information. 

13. A linear compressor driving apparatus as defined in Claim 9 further including: 

a top dead point position information detection sensor for detecting a piston top dead point position in the 
10 piston reciprocating motion to output top dead point position information indicating the detected position; and 

an arithmetic means for calculating center position information indicating a piston center position in the piston 
reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the top dead point 
position information and the piston stroke information. 

is 14. A linear compressor driving apparatus as defined In Claim 9 further including: 

a top dead point position information detection sensor for detecting a piston top dead point position in the 
piston reciprocating motion to output top dead point position information Indicating the detected position; and 
an arithmetic means for calculating bottom dead point position information indicating a piston bottom dead 
20 point position in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the 

basis of the top dead point position information and the piston stroke information. 

15. A linear compressor driving apparatus as defined In Claim 9 further including: 

25 a bottom dead point position information detection sensor for detecting a piston bottom dead point position In 

the piston reciprocating motion; and 

an arithmetic means for calculating center position information indicating a piston center position in the piston 
reciprocating motion, by performing the four fundamental rules of arithmetic on the basis of the bottom dead 
point position information and the piston stroke information. 

30 

16. A linear compressor driving apparatus as defined in Claim 9 further including: 

a bottom dead point position Information detection sensor for detecting a piston bottom dead point position in 
the piston reciprocating motion to output bottom dead point position information indicating the detected posi- 
35 tion; and 

an arithmetic means for calculating top dead point position information indicating a piston top dead point po- 
sition in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis 
of the bottom dead point position Information and the piston stroke information. 

40 17. A linear compressor driving apparatus as defined in Claim 9 further including: 

a center position information calculation means for calculating center position information indicating a piston 
center position In the piston reciprocating motion, on the basis of the output current from the Inverter; and 
an arithmetic means for calculating top dead point position information indicating a piston top dead point po- 
45 sition in the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the basis . 

of the center position information and the piston stroke information. 

18. A linear compressor driving apparatus as defined in Claim 9 further including: 

50 a center position information calculation means for calculating center position information indicating a piston 

center position in the piston reciprocating motion, on the basis of the output current from the inverter; and 
an arithmetic means for calculating bottom deal point position information indicating a piston bottom dead 
point position In the piston reciprocating motion, by performing the four fundamental rules of arithmetic on the 
basis of the center position information and the piston stroke information. 

55 

19. A linear compressor driving apparatus as defined in any of Claims 10 to 12, wherein 

the linear compressor has an elastic member which applies a force to the piston so as to bring the piston 
back to its neutral position, when the piston is displaced from the neutral position; and 
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the bottom dead point position information calculation means calculates, as the bottom dead point position 
information, position information indicating the piston bottom dead point position relative to the piston neutral po- 
sition, on the baste of the output voltage of the Inverter and the frequency of the output current of the Inverter, 
which are determined by the inverter controller, the maximum amplitude of the piston velocity which is calculated 
by the piston velocity calculation means, the weight of the movable member which performs the piston reciprocating 
motion in the linear compressor, and the spring constant of the elastic member. 

20. A linear compressor driving apparatus as defined In Claim 9, wherein 

the piston stroke calculation means repeats a calculation process for calculating the piston stroke information 
on the basis of the maximum amplitude of the piston velocity, and in each of the repeated calculation processes, 
the piston stroke calculation means corrects a thrust constant of the linear motor, whose value varies with variations 
in the piston position, on the basis of the piston stroke information calculated in the previous calculation process, 
and calculates the piston stroke information on the basis of the corrected thrust constant. 

21 . A linear compressor driving apparatus for driving a linear compressor which has a piston and a linear motor for 
reciprocating the piston, and generates a compressed gas by the reciprocating motion of the piston, with an AC 
voltage being applied to the linear motor, said apparatus comprising: 

an inverter for outputting an AC voltage and an AC current to the linear motor; 

a resonance frequency information output means for outputting resonance frequency information that indicates 
a resonance frequency of the piston reciprocating motion; 

a current detection means for detecting an output current of the inverter to output a current detection signal; 
an Inverter controller for controller the inverter on the basis of the resonance frequency information so that 
the inverter outputs, as its output voltage and output current, a sinusoidal-wave-shaped voltage and a sinu- 
soidal-wave-shaped current whose frequencies match the resonance frequency of the piston reciprocating 
motion, respectively; 

a timing detection means for detecting, as a specific phase timing, a phase timing at which a differentiated 
value of the output current of the inverter becomes zero; and 

a piston center position calculation means for calculating position information indicating a piston center position 
in the piston reciprocating motion, on the basis of an instantaneous value of the output current of the inverter 
at the specific phase timing, with reference to a piston position where a pressure difference between the 
pressure of a cooling medium gas that is discharged from the linear compressor and the pressure of the cooling 
medium gas that Is drawn into the linear compressor becomes zero. 

22. A linear compressor driving apparatus as defined in Claim 21, wherein 

the linear compressor has an elastic member which applies a force to the piston so as to bring the piston 
back to its neutral position, when the piston is displaced from the neutral position; and 

the center position information calculation means calculates, as the center position information, position 
information indicating the piston center position relative to the piston neutral position, on the basis of the maximum 
amplitude of the output current from the inverter, the thrust constant of the linear motor, and the spring constant 
of the elastic member. 

23. A linear compressor driving apparatus as defined in Claim 21 further including: 

a discharge pressure detection means for detecting the pressure of the cooling medium gas that is discharged 
from the linear compressor; and 

an inlet pressure detection means for detecting the pressure of the cooling medium gas that is drawn into the 
linear compressor; 

wherein the center position information calculation means calculates an action force in the direction of the 
piston reciprocating motion, which force acts on the piston from the cooling medium gas, on the basis of the 
pressure difference between the discharge pressure and the inlet pressure, and then calculates, as the center 
position information, position Information indicating the piston center position relative to the piston position where 
the pressure difference becomes zero, on the basis of the calculated action force. 

24. A linear compressor driving apparatus as defined in Claim 23, wherein 

the center position information calculation means calculates an action force in the direction of the piston 
reciprocating motion, which force acts on the piston from the cooling medium gas, on the basis of the pressure 
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difference between the discharge pressure and the inlet pressure, and the resonance frequency indicated by the 
resonance frequency information, and then calculates, as the center position information, position information 
indicating the piston center position relative to the piston position where the pressure difference becomes zero, 
on the basis of the calculated action force. 
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Fig.6 



-Sep 



X 



6 



inverter 
controller 



Iff 



resonance 
frequency 
Information 
output means 



power 
supply 



VDC 



timinjg 
detection 
means 



inverter 



-Scs 



61 



• pos 
calculation 
means 



lav — ^ 



11b, 



9 Id 

M — } 



Scm 



output current 
detection 
means 



Dcd-v 



11 



linear 
compressor 

100 



.104 



34 




35 



' II % » . 
• » 



J? 



EP 1 349 265 A1 



Fig.8 









IXR 




R 



a xv 



1 



0 



; (linear motor) [ (driving power supply) I 



36 



EP 1 349 265 A1 



Fig.9 



Psh 



71a 



Ptd P'ni 



._J 



Pav 



71b 



"72 



Pbd 



71 



X" 

A. 





i i 


) . 




X tc f > 


w^o) x' 


rl, 


O^Paru 


*M Lps/2 


x av (~ x bd"Xtd j 
S=Xbd-X t d ) 


Xbd 


Lps(Lp 



37 



EP 1 349 265 A1 
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